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After a while he says, "Do you believe in ghosts?" 
"No," I say. 
"Why not?" 
"Because they are un-sci-en-tific. 11  
The way I say this makes John smile. "They contain no 
matter", I continue "and have no energy and therefore, 
according to the laws of science, do not exist except in 
people's minds." 
The whiskey, the fatigue and the wind in the trees start 
mixing in my mind. "Of course" I add, "the laws of science 
contain no matter and have no energy either and therefore do 
not exist except in people's minds. Its best to be completely 
scientific about the whole thing and refuse to believe in 
either ghosts or the laws of science. That way you're safe. 
That doesn't leave you very much to believe in, but that's 
scientific too." 
From "Zen and the art of motorcycle maintenance" 
by Robert M. Pirsig. 
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ABSTRACT 
Cosmid CY29 is derived from a DNA library prepared from the 
human-mouse hybrid cell line 3E7, which contains multiple Y 
chromosomes. Subclone 29C1, derived from CY29, has been found to 
define a hypervariable locus within 23kb of the human pseudoauto-
somal telomere. 	This has been assigned the locus name DXYSI4. The 
clone has contributed to a genetic map of the human pseudoautosomal 
region, and has been used to study properties of the adjacent 
telomere. This thesis describes an analysis of sequences at this 
locus. Maps of the short arm subtelomeric regions of three human 
sex chromosomes are presented. In addition, by following 
inheritance of 29C1 homology through selected pedigrees it has been 
possible to obtain data on subtelomeric regions of seven other sex 
chromosomes. From this data it is shown that a region containing 
29C1 homologous sequence and sequence proximal to it are duplicated 
on some telomeres. Thus any individual may have two, three or four 
copies of 29C1 homologous sequence in total, with one or two on each 
sex chromosome. In addition, restriction fragments containing 29C1 
homology vary in size due to variation in copy number of a mini-
satellite type repeat. Sequence data from three such fragments 
shows blocks of imperfect 31bp GC rich repeat units in variable 
numbers in a head to tail array. The consensus sequence of these 
repeats show some similarity to other reported minisatellite 
sequences. However when used as a probe, a DXYSI4 consensus repeat 
oligomer detects other hypervariable loci only weakly, even at low 
stringency. It appears therefore that the DXYS14 repeat represents 
a separate family of minisatellites present in one or two blocks per 
haploid genome, and isolated within 23kb of the human XY telomere. 
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In one pedigree studied, a novel 29C1 homologous restriction 
fragment is shown to have arisen during male meiosis, probably by 
change in size of the repeat block. Sequence and mapping data 
indicate that the 29C1 repeat block and sequence proximal to it 
shows characteristics normally associated with a low methylation 
island. This region does not appear to be transcribed however, and 
in the light of knowledge of DNA structure around locus DXYS14, a 
gene at this site seems unlikely. Sequences homologous to 29C1 are 
found in a range of vertebrates, with strong homology in some 
primates yet none in others. The implications of these observations 
are discussed. 
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ABBREVIATIONS 
A Adenine 
ATP Adenosine triphosphate 
bp base pairs 
C Cytosine 
CsC1 Cesium chloride 
dATP Deoxyadenosine triphosphate 
dCTP Deoxycytidine triphosphate 
dGTP Deoxyguanidine triphosphate 
dTTP Deoxythymidine triphosphate 
ddNTP Dideoxynucleotide triphosphate 
DNA Deoxynucleic acid 





kb Kilobase pairs 
O.D. Opitcal density 
RFLP Restriction fragment length polymorphism 
RNA Ribonucleic acid 
rpm Revolutions per minute 
SDS Sodium dodecyl sulphate 
SM Storage medium 
T Thymidine 
TCA Trichioroacetic acid 
TE 10mM Tris 1mM EDTA 
TEMED N,N,N' ,N'-tetramethylene diamine 
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Tris 	 Tris (hydroxymethyl) aminomethan 
UV 	 Ultraviolet 
vol 	 Volume 
XGal 	 5-bromo-4-chloro-3- indoyl--D--galactos ide 
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This thesis describes an analysis of hypervariable sequences 
homologous to the 29C1 probe. This clone has been mapped to within 
approximately 20kb of the telomere of the human sex chromosome 
pseudoautosomal region and has beeen assigned the locus name DXYSI4. 
The data presented should be considered in the light of the current 
understanding in three fields of molecular biology, namely; the 
study of telomeres in general, of the human pseudoautosomal region 
and its telomere, and of hypervariable minisatellite sequences found 
throughout the human genome. A review of these areas of research is 
given in the following section, as an introduction to the data 
presented. 
I.I. Telomeres 
Chromosomes have for some time been known to be the vehicles of 
hereditary information. To this end, at every mitotic division 
daughter cells must receive a faithfully replicated copy of the 
diploid chromosome complement of the parent cell. At meiosis a full 
haploid chromosome set must segregate to each gamete. To facilitate 
reliable inheritance, chromosomes must possess certain structural 
features. Chromosome constructs in yeast are found to require 
autonomously replicating sequences (ARS elements) (Struhl et al, 
1979), centromeric sequences (Clarke and Carbon, 1980) and telomeres 
(Szostak and Blackburn, 1982) for mitotic stability. Also a stable 
chromosome must be greater than a certain minimum length (approx-
imately 100kb in yeast) (Surosky et al, 1986; Zakian et al, 1986; 
Murray et al, 1986). Such constructs, known as yeast artificial 
chromosomes (YACS) have recently been developed for cloning large 
fragments of DNA (reviewed in Cooke, 1987; Naysniith et al. 1987). 
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Telomeres are the structures located at the ends of each 
chromosome. Unlike the ends of ordinary linear DNA molecules, 
telomeres are specialised to maintain the integrity of the 
chromosome and guarantee its stable transmission through 
generations. The first evidence for a specialised structure at 
chromosome ends came from studies on Drosophilia chromosomes damaged 
by X-irradiation (Muller, 1938). In this and other studies 
(McLintoch, 1941; 1942; Resnick and Martin, 1976; Orr-Weaver et 
al, 1981) it was found that broken chromosomes or naked double 
stranded DNA ends would fuse to form new chromosomal arrangements, 
while intact telomeres showed no such instability. Broken DNA ends 
were also found to be susceptable to nuclease degradation in the 
nucleus (Blackburn, 1985). A survey of known deletions in 
Drosophila chromosomes revealed that, while many subtelomeric 
deletions have been isolated, telomeric deletions are not observed 
(Muller and Herskowitz, 1954). Clearly the telomere confers a 
function essential for viability of the fly. 
A telomere must allow complete replication of the end of the 
linear chromosomal DNA molecule. All known DNA polymerases require 
a polynucleotide primer which is usually removed, and synthesize 
only in a 5' to 3' direction. Thus without some specialised 
structure to circumvent this problem, material would be lost from 
the 5' end of one of the two daughter DNA molecules after excision 
of the primer at each round of replication. Replication of circular 
molecules presents no problem. Linear viral genomes overcome this 
difficulty variously by replicating around the end of the two 
covalently linked strands (Barondy et al, 1982), by using transient 
circular or concatomeric replication intermediates (Mocarskin and 
Roizman, 1982) or by the use of a protein at each genomic terminus 
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which holds the primary deoxynucleotide (reviewed in Stillman, 
1983). Evidence on how eukaryotes solve this problem has recently 
come to light, and is discussed below. 
Cytological observations also support the hypothesis that 
specialised structures exist at chromosome ends (reviewed in 
Blackburn and Szostak, 1984). Studies in many species demonstrate 
characteristic behaviour of the telomeres which suggests a role in 
localising chromosomes within the nucleus (Agard and Sedat, 1983). 
Telomeric regions of chromosomes are often heterochromatic in 
appearance (Bennett, 1977). The work of Carl Rabi in 1885 (reviewed 
in Russell, 1987) showed that chromosomes at mitotic telophase lie 
in the characteristic 'Rabi arrangement'. The chromosomes lie with 
their centromeres oriented towards a 'pole' on one side of the 
nuclear envelope, while telomeres aggregate and attach to the 
nuclear membrane at an 'antipole' on the opposite side of the 
nucleus. At the following prophase, chromosomes reappeared at the 
same position as at the previous telophase. Whether the chromosomes 
remain in a Rabl orientation during interphase is the subject of 
some debate. However this configuration appears to be specified 
simply as a consequence of telomere grouping and attachment to the 
nuclear membrane. Pre-meiotic telophase also leaves chromosomes in 
a Rabi orientation. At leptotene, the next stage at which the 
chromosomes are now visible, telomeres are attached to the side of 
the nuclear envelope adjacent to the centrosome while arms loop out 
towards the other side. This is known as a bouquet stage. 
In man and other species, chromosome pairing in meiosis appears 
to be initiated at the telomeres during zygotene (Ashley et al, 
1982). Further, all human chromosomes show a prominent R-band (a 
pale Giemsa band) at each telomere in the mitotic karyotype (Paris 
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Conference, 1971). These observations led Chandley (1986) to 
propose a mode in which meiotic pairing and synapsis is first 
initiated in R-band equivalent sites. 
In summary, telomeres must be specialised to protect the 
chromosomal DNA from exonuclease activity, to prevent end to end 
fusion of chromosomes, to facilitate replication of the 5' DNA 
terminus, and to participate in the various telomere-telomere and 
nuclear membrane interactions which orient the chromosomes during 
the cell cycle. Given that telomeres must fulfil similar roles in 
all eukaryotes, it is perhaps not surprising that recent evidence 
suggests the same strategy has been adopted by many eukaryotes 
studied. Telomeric sequences have been determined in lower 
eukaryotes from a range of phyla. Those organisms which undergo 
developmentally controlled genomic reorganisation have proved 
particularly amenable to study. In several ciliate groups a 
macronucleus is amplified from the diploid micronucleus by 
fragmentation and replication of many specific linear DNA pieces, 
each of which acquires new telomeric sequences on its ends (reviewed 
in Blackburn, 1984 and Blackburn and Karrer, 1986). Similar non-
ligatable breaks occur at the ends of linear extra-chromosomal rDNAs 
of various slime moulds (Johnson, 1980). Thus relatively large 
numbers of telomeres are available for direct molecular analysis. 
Telomeric sequences have also been obtained from flagellated 
protozoa, the sporozoan Plasmodium, and the fungi Saccharomyces 
cerevisia and Schizosaccharomyces pombe. 
Sequences immediately adjacent to the DNA terminus in these 
organisms have been found to consist of short, simple repeat units 
which approximate to the formula 5' [C1_8 (A )1_4]3'. 	Known 
sequences are shown in Fig. 1.1. 	It is significant that these 
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Overall 51 [C1_8( ) 1_4]3 1 
Sequence 	 Reference 
Blackburn & Gall (1978) 
C4A2 	 Yao & Yao (1981) 
C4A2 Katzen et al (1981) 
C3()A2 	 Barion et al (1987) 
C4A4 	 Oka et al (1980) 
C4A4 Pluta et al (1982) 
C4A4 	 Klobutcher et al (1981) 
Van der Ploeg et al (1984 
Blackburn & Challoner 
Johnson (1980) 
Emer3& Weiner (1981) 
Fourney et al (1987) 
Shampay et al (1984) 
Walmersley et al (1984) 
Sugawara & Szostak (1986) 
Ponzi et al (1985) 
Reviewed in: Fourney et al (1987) 
Blackburn (1984) 
Gottschling & Cech (1984) 
sequences are not only GC rich, but that the G and C residues are 
segregated to separate strands. Thus all telomeres so far analysed 
consist of a G rich and a C rich strand (referred to hereafter as 
the G and C strands). It is also worth noting that organisms as 
diverse as Didymium (a slime mould) and the various flagellate 
species have the same sequence at their telomeres (discussed in 
Fourney et al, 1987). Generally, while telomeric sequences are not 
always the same, there is considerable similarity in this respect 
between diverse eukaryotic phyla. 
Recently a remarkable discovery has been demonstrated that 
sequences hybridising to the Tetrahymena telomeric repeat C4A2 are 
found in many higher eukaryotes (Allshire et al, In Press). Data 
now suggests that these sequences are found at telomeres on most if 
not all human chromosomes, as well as at some internal sites. 
Though much work remains to be done, these data strongly suggest 
that higher eukaryotes have telomeric sequences similar to those 
described in Fig. 1.1. and the text. It therefore seems possible 
that all eukaryote telomeres are similar in structure to those 
extensively studied in lower eukaryotes. The finding that similar 
sequences are at telomeres in eukaryote species as diverse as 
Tetrahymena and humans is consistent with the hypothesis that 
telomeres are constrained by similar functional requirements. Such 
similarity could be a consequence of either evolutionary 
conservation (Gottschling and Cech, 1984) or convergent evolution 
(Fourney et al, 1987). 
Data from some species suggests that sequences from specialised 
telomeric sequences may be associated with unusual chromatin 
structure and DNA conformation. Polytene chromosomes of Chironomus 
were found to stain at the telomeres with anti-z-DNA antibodies 
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(Arndt-Jovin et al, 1983). If telomeric DNA did prove to be in z-
DNA conformation, this might explain the tendency of telomeres to 
associate, since z-DNA is known to self-aggregate. However, 
Chironomus telomeric sequences have not been characterised as 
extensively as have those shown in Fig. I.I. Blackburn (1984) 
states that most of these sequences are not compatible with a z-DNA 
conformation. However, Budorf and Blackburn (1987) found that 
Tetrahymena telomeric DNA inserted into a circular plasmid had Si 
nuclease sensitivity properties consistent with a supercoiled, 
protonated, right-handed, underwound helix. They suggested that 
linear chromosomal DNA might be maintained in a torsionally-
constrained non B-DNA conformation by telomere specific binding 
proteins. Such proteins have been found in yeast (Berman et al, 
1986) and Oxytrlcha (Gottschling and Zakian, 1986). Also the 
Tetrahymena macronuclear rDNA gene has a specific non-nucleosomal 
chromatin structure at the molecular terminus, as defined by 
nuclease sensitivity (Budorf and Blackburn, 1986). Similarly, a 
non-nucleosomal telomeric chromatin complex has been found on the 
ends of Oxytricha macronuclear DNA (Gottschling and Cech, 1984). If 
telomere specific chromatin structures prove to be a general 
phenomenon, these might explain the 'capping' of chromosome ends to 
prevent end to end fusion and exonuclease damage. 
Evidence now exists for a further mechanism by which the 
chromosoma]. DNA terminus is maintained. Some loss of nucleotides 
from the telomere probably does occur at each round of replication 
and may also occur as a result of exonuclease degradation. In 
opposition to these processes, a telomere terminal transferase 
activity has been identified in Tetrahymena (Greider and Blackburn, 
1985). In Tetrahymena extracts, single stranded oligomers of the G- 
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strand sequence from Tetrahymena telomeres act as primers for 
addition of tandem TTGGGG repeats. Current evidence suggests that 
this 'telomerase' is an RNA/Protein complex in which both components 
are essential for activity. Telomeric sequences from yeast and 
other organisms were also found to prime this activity (Greider and 
Blackburn, 1987). In vivo addition of repeats to macronuclear 
telomeres appears to have been primed by only a single integrated 
repeat at the 3' end of the micronuclear rDNA gene (King and Yao, 
1982). Addition is always to the G-strand, since oligomers of the C 
strand fail to prime the terminal transferase activity. A second 
strand might then by synthesised in vivo by cell polymerases, using 
the extended strand as a template. 
Addition of repeats to the telomeres has been observed in 
several organisms. In Trypanosoma brucei during log phase growth 
telomeres lengthen by 4-10 base pairs per generation (Bernards et 
al, 1983). A similar process has been described in Tetrahymena 
(Larson et al, 1987). When an oxytricha rDNA end was cloned on a 
linear plasmid in yeast it acquired yeast telomeric sequences (Pluta 
et al, 1984). Similarly when Tetrahymena rDNA was microinjected 
into Xenopus oocytes, the molecules grew longer as they replicated, 
apparently by addition of DNA onto the telomeres (Berg et al, 1982). 
It would seem then that telomeres are dynamic structures, which 
increase in length by addition of repeats. This would be consistent 
with the observation that restriction fragments which terminate at 
telomeres show variation in length in a range of organisms, 
including humans (Blackburn and Gall, 1978; Johnson, 1980; Emery 
and Weiner, 1981; Shampay et al, 1984; Cooke and Smith, 1986; 
Allshire et al, 1988). It also appears that telomeric repeats from 
one organism will prime an additional reaction in another. This 
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further supports the hypothesis that telomeric sequences, though 
different in different species, serve a similar purpose. 
Analysis of yeast mutants has provided some data on genetic 
control of telomere length. Mutants at locus CDCI7, a lethal 
temperature sensitive mutation, have unusually long telomeres when 
grown at the permissive temperature because of addition of sequence 
in or near to the poly (CI-3A) tract (Carson and Hartwell, 1985). 
Mutants at loci Tell and Te12 are cell lethal after a phenotypic lag 
of many generations, and both result in telomeres that are shorter 
than normal (Lustig and Peter, 1986). These authors propose a mode 
for maintenance of yeast telomere length. Each time the terminal 
tract replicates, one daughter molecule will have 5' strand shorter 
by about 11 basepairs. This is balanced by untemplated addition of 
Poly (CI-3A) residues to the 3' end primed by the existing tract. 
Tell and Te12 gene products could be involved in elongation. The 
CDCI7 product might represent a shortening function, perhaps a form 
of feedback control in which a tract specific endonuclease cleaves a 
longer tract more efficiently than a shorter one. By this model 
would be maintained in a dynamic equilibrium consistent with 
observed telomere heterogeneity. 
While this model would explain how repeats lost during 
replication are replaced, it would not explain how replication is 
first primed. 	As discussed earlier, linear viral genomes overcome 
this problem by various techniques. Several models have been 
proposed for eukaryote telomere replication (reviewed in Blackburn 
and Szostak, 1984). Information on the nature of the DNA terminus 
is available in several eukaryotic groups (reviewed in Blackburn and 
Szostak, 1984). In Tetrahymena the terminus appears to be a hair-
pin, as judged by accessibility to a variety of end labelling 
techniques (Blackburn and Gall, 1978). Several single stranded one 
nucleotide gaps were found in the C strand within the terminal 
lOObp. These gaps were also found at extrachromosomal rDNA termini 
of slime moulds Physarum and Dictyostelium (Johnson, 1980) and at 
chromosome termini of Trypanosomes (Blackburn and Challoner, 1984). 
Oxytricha and other hypotrichious ciliates have at their macro-
nuclear telomeres a 16 or 18 basepair 3' overhang (Pluta et al, 
1982; Blackburn and Karrer, 1986). Recent work on exonuclease 
sensitivity of the human pseudoautosomal telomere suggests that it 
has a 3' overhang at the DNA terminus, probably in the form of a 
non-covalently closed hairpin (Howard Cooke, unpublished results). 
Interestingly it has been suggested that the Tetrahymena gapped 
hairpin is in fact folded back on itself by non Watson-Crick G-G and 
G-T interactions (Henderson et al, 1987). This hypothesis led 
Greider and Blackburn (1985) to propose a model for telomere 
replication in which a 3' extended G strand could prime replication 
of the 5' terminus. If repeats were added to the 3' strand before 
replication, these repeats could fold back on themselves to prime 
replication of the 5' terminus. 
In summary, eukaryotic telomeres appear to be characterised by 
a run of simple repeats conforming to the formula 5'[Ci8(c14131. 
Thus all telomeres studied so far have clear G rich and C rich 
strands. The G strand ends at the 3' terminus, the C strand at the 
5' terminus. A range of organisms which have an activity which 
increases telomere length probably by addition of telomeric repeats 
to the 3' terminus. All organisms studied have at their DNA termini 
either a gapped hairpin or a 3' extension of the G rich strand. 
Replication of the 5' terminus could be primed by such a hairpin, 
which would involve non Watson-Crick G-G and G-T interactions. 
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Telomeres in some species have been shown to' bind telomere specific 
proteins. Also unusual non—nucleosomal chromatin structures have 
been observed at some telomeres. These observations constitute the 
current understanding of telomere structure and function and are 
strong evidence for telomeres as specialised structures rather than 
just simple DNA termini. 
In the light of this data, a tract of telomeric repeats would 
appear to be a prerequisite for telomeric function. This sequence 
would be recognised by the terminal transferase activity and would 
prime replication of the 5' terminus. However, as previously stated 
in Tetrahymena only one copy of the C4A2 repeat is required at the 
end of a sequence in the micronucleus in order to generate a 
functional telomere in the macronucleus (King and Yao, 1982). This 
would suggest that a single repeat would be sufficient to prime 
addition of telomeric repeats, which could then function as a 
FJ 
telomere. Developmentally determined chromosome fragmentation has 
been observed in the nematode Parascaris, as well as dilates 
(reviewed in Blackburn and Szostak, 1984). In each case at a given 
stage in development the germiine chromosomes undergo a fragment-
ation process to generate many small chromosomes. Each of the newly 
formed molecules is stable, and appears to have acquired at each end 
a telomere produced from a previously internal region. It would be 
interesting to know whether a single telomeric sequence was a pre-
requisite at the ends of each germline sequence for it to become a 
stable macronuclear (ciliates) or somatic (Paracaris) chromosome. 
Thus a single repeat unit appropriately placed would consititute a 
'latent telornere'. 
Also of relevance to this question, it has been observed that 
in certain species at certain developmental stages, broken 
- 11 - 
chromosome ends generated by physical or chemical means can become 
'healed' or rendered mitotically stable. In Saccharomyces 
cerevisia, broken ends generated from dicentric chromosomes ruptured 
at meiotic anaphase were repaired mainly by recombination between 
the broken chromosome and its intact homologue (Harber et al, 1983). 
In maize an end generated thus at meiotic anaphase would acquire a 
new telomere by translocation from a non-homologous chromosome. 
However, a break generated in endosperm or gametophyte tissues would 
not 'heal' but would enter 'breakage-fusion bridge cycles' 
(Mintock, 1941, reviewed in Blackburn and Szostak, 1984). A third 
'healing' mechanism has recently been demonstrated in mini-chromo-
somes of Schizosaccharomyces pombe (Matsumoto et al, 1987). In this 
instance breaks appear to have been healed by de novo addition of 
telomeric repeats. Further sequence data would determine whether 
such breaks were rescued by internal telomere like sequences or 
whether addition of repeats in this case did not require telomeric 
sequence to prime the process. Internal copies of telomeric 
sequences have been observed in Saccharomyces cerevisia (Walmersley 
et al, 1984). Whether other species also have internal sequences 
homologous to telomeric repeats remains to be seen. 
In addition to those sequences identified as being at the 
immediate DNA terminus, sequences close to the telomere have been 
studied in some organisms. In yeast two sets of repeats were found 
immediately adjacent to the po1y(C 3 A) repeats by molecular 
analysis (Chan and Tye, 1983; Walmersley et al. 1984). Proceeding 
in from the terminal simple repeats 0-4 copies of a 6.7kb repeat 
unit referred to as Y' are followed by a further tract of poly (C1_ 
3A). Beyond this lies a much more variable telomere associated 
sequence, known as X. These sequences are subject to frequent 
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rearrangement (Horowitz et al, 1984). Other sequences have been 
found associated with telomeres by cytologicl studies. A Drosophila 
3kb repeated sequence has been identified in a DNA fragment which 
hybridises to all polytene chromosome telomeres (Rubin, 1978). 
Another cloned fragment with some homology to the 3kb repeat showed 
homology not only to telomeres but also to pericentric 
heterochromatin (Young et al, 1983). Analysis of genomic DNA 
suggested that among sequences detected by this fragment were a 
complex set of repeats which occurred both in tandem and singly. 
These sequences appeared to be scrambled, and varied from stock to 
stock. In Xenopus, a variable number of tandemly repeated copies of 
the 5S RNA gene were found at most long arm telomeres visible in 
miotic spreads (Pardue, 1974). Three telomere associated repeats 
have been identified in rye grass. One, of about 120bp in length, 
was found in tandem arrays at all telomeres, while varying 
proportions of the other larger repeats were observed (Jones and 
Flavell, 1983). More complex repeats have also been found proximal 
to the immediate telomeric sequences in extrachromosomal rDNAs of 
Tetrahymena (Challoner et a!, 1985) and slime mounds Physarum and 
Dictyostelium (Bergold et a!, 1983). However, while it is 
reasonable to compare the immediate ends of these molecules to the 
ends of true chromosomes, it is perhaps doubtful whether sequences 
close to the end are subject to the same constraints as those at 
gerrnline telomeres in these species. 
In summary, sub-telomeric regions are frequently characterised 
by complex repeat units spanning tens of kilobases, which are often 
variable in sequence. Interestingly in Trypanosomes, the variant 
surface glycoprotein (VSG) genes, known to be hypervariable by the 
nature of their products, proved to occupy a telomere proximal 
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location (Delange and Borst, 1982). It would seem then that sub-
telomeric regions are subject to frequent rearrangement events in a 
wide range of species. However, in spite of this many of the sub-
telomeric repeats observed have proved to be conserved in different 
stocks of a given species, even though their arrangement may vary. 
Also many such repeats are found to lie at most or all telomeres in 
the genome of the species. It has been suggested that these 
sequences could be involved in telomere-telomere interactions and 
association with the nuclear envelope (Young et al, 1983). Also 
they might facilitate appropriate interactions with telomere binding 
proteins, and favour DNA conformations required for telomere 
function. Sequences confined to a particular telomere might play a 
role in pairing of homologues at meiosis. 
1.2. The pseudoautosomal region and its telomere 
Observations on chromosome sex determination in reptiles, birds 
and mammals have led to the widely held belief, that sex chromosomes 
in these classes evolved from an ancestral pair of homologous 
chromosomes which differed only at a sex determining locus or loci 
(reviewed in Jones, 1983). Among reptiles and birds, species can be 
found exhibiting indistinguishable sex chromosomes, partial or fully 
differentiated sex chromosomes, and male or female heterogametry 
(Graves, 1987). Eutherian mammals show XX /XY sex determination in 
which X and Y chromosomes are morphologically distinct. 
Much of the Y chromosome is composed of repetitive DNA (Cooke, 
1976, reviewed in Goodfellow et al, 1985). Two thirds of Yq is 
heterochromatic and normal males show extensive length variation in 
this region. The testis determining locus is presumed to lie some- 
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where on the Y chromosome, as well as the locus for male specific H-
Y antigen, which was once postulated as a sex determining protein 
though it is now thought to have a function in spermatogenesis in 
mouse (Burgoyne et al, 1986). The testis determining locus may 
prove to encode a protein and a candidate gene has recently been 
identified (Page et al, 1987). 	Alternatively it has been suggested 
that a repressor binding region might regulate a sex determining 
locus elsewhere in the genome (Chandra, 1985). Other genes have 
been located on the X and Y chromosomes in man (Darling et al, 1986) 
and mouse (Keitges et al, 1987). In general though, the eutherian Y 
chromosome appears to contain very few genes. 
In contrast, the X chromosome is known to encode many genes 
Gene content appears to be conserved in eutherian species, although 
gene order may vary (Human Gene Mapping Workshop 8, 1985). It is 
much larger than the Y in all species - about 5 times larger in 
humans. Generally this chromosome represents about 5% of the 
haploid genome in eutherian mammals (Graves, 1987). 
Despite this apparent difference between X and Y chromosomes, 
they pair at prophase in male meiosis. Meiotic pairing and chiasma 
formation are presumed to require DNA homology. This led Koller and 
Darlington (1934) to propose that sex chromosomes must share a 
region of homology. In early meiosis many non-homologous chromosome 
associations have been observed, especially at telomeres. It is 
thought however that while initial telomeric associations occur at 
random, only homologous pairings lead to stable bivalents (Chandley 
et al, 1984). XY pairing initiates in Xpter and Ypter, and normally 
covers most of Yp and the terminal 30% of Xp but can extend over as 
much as three-quarters of the length of the Y. The hypothesis of a 
homologous pairing region might explain somatic abnormalities in XO 
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Turner's syndrome individuals (Simpson, 1982) since any gene in an 
XY homologous region would be present in only a single dose. Also 
the genes Xg (Race et al, 1975) and Sts (Mohandas, 1979) have been 
mapped to the X chromosome pairing region in humans, and both 
appear to escape inactivation, suggesting a second copy on the Y 
chromosome. 
Haldane (1936) predicted that genes in an XY homologous pairing 
region would recombine relative to sex. These genes (or polymorphic 
loci mapped by modern techniques) would show partial sex linkage or 
would appear completely autosomal. Genetic evidence for such a 
region first arose when the sex reversal mutation (sxr) in mice, 
which shows autosomal inheritance, was shown to reside on the sex 
chromosomes, with an obligatory recombination between X and Y. 
(Singh and Jones, 1982). Sxr is a translocation of the sex 
determining region of the Y chromosome onto the )(p terminus. 
Meiotic products include xysxr carrier males and XXSXr sterile 
males, as well as XX and XY offspring. This results in a sex ratio 
of 3:1. This inheritance pattern is termed pseudoautosomal. More 
recently the steroid sulphatase gene (sts) has been mapped proximal 
to Sxr in mice, again in the XY pairing region. It too shows 
pseudoautosomal inheritance (Keitges et al, 1987). 
Evidence for an XY homologous region in humans came from a 
study of MIC2, a locus which controls expression of cell surface 
antigen 12E7. Alleles of M1C2 were found on Xp and Yp, but were 
previously thought to be sex linked, and therefore proximal to any 
region in which crossover occurred (Goodfellow and Tippet, 1981). 
More recently a low frequency of exchange of M1C2 sequences between 
X and Y has been observed, proving that M1C2 is a pseudoautosomal 
gene (Darling et al, 1986). No other pseudoautosomal genes have so 
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far been identified in humans (the human sts gene lies proximal to 
the pseudoautosomal region). However, recently several polymorphic 
sequences have been described which exhibit pseudoautosomal 
inheritance (Cooke et al, 1985; Simmier et al, 1985). When 
recombination frequencies in about 50 meioses were compiled, these 
loci showed a gradient of sex linkage (Rouyer et a 'l, 1986a). The 
region they defined lies at the distal tip of Xp and Yp, and 
occupies a large portion of Yp. 
A genetic map has now been compiled of five loci in the human 
pseudoautosomal region (Rouyer et al, 1986b). No double crossovers 
have so far been scored in this region although double crossovers 
have been detected in mice. Distances between markers appear to be 
additive over the whole 50% recombination unit length. This would 
not apply elsewhere in the genome, where distances of greater than 
15% are distorted by the possibility of multiple crossovers. 
Further, recombination in the region appears to be 10 times more 
frequent in male than female meioses, over the same physical 
distance. 
If a crossover is required for XY pairing, then it must take 
place within the relatively small pseudoautosomal region. In 
contrast, crossovers between the XX pair could occur throughout the 
length of the chromosome. This would explain the high frequency of 
recombination in male meiosis. Also the small size of the pseudo-
autosomal region might prevent the occurrence of more than one 
recombination event, accounting for the additivity of genetic 
distances. Thus the data observed are consistent with a single 
obligatory crossover event which occurs at different locations in 
the pseudoautosomal region in different meioses. This would give 
rise to a sex linkage gradient in which distal loci are nearly 
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always exchanged in recombination, while more proximal alleles are 
only mobilised in a fraction of recombination events. 
Cytological observations suggest that the pseudoautosomal 
region in humans is less than 5 megabases in length (Rouyer et al, 
1986b). Recombination frequency indicates that the limit of this 
region lies approximately 200kb proximal to M1C2, a result recently 
confirmed by long range mapping (Pritchard et al, 1987). Proximal 
to this, Yp contains Y specific sequences which include the testis 
determining factor locus (TDF). This had previously been assigned 
to Yp by studies of Y chromosome anomalies and sexual phenotype 
(reviewed in Davis, 1981). Recently, pseudoautosomal probes have 
been used to show that in two XX males, sexual phenotype was 
associated with a transfer of the terminal portion of Yp onto Xp, 
including the whole of the pseudoautosomal region (Page et al, 
1987). This result confirms that TDF maps in Yp, 	to the 
pseudoautosomal region but close to it. It also suggests that 
occasionally exchange of DNA in male meiosis may extend beyond the 
pseudoautosomal domains of Xp and Yp into strictly sex-linked 
sequences. 
One of the polymorphic loci used to map the human pseudo-
autosomal region, DXYS14, appears to be within 20kb of the telomere 
of Xp and Yp. This thesis is an analysis of sequences at locus 
DXYS14 and so it warrants further attention. Some properties of the 
locus have been published. Also probes from it have been used to 
analyse the telomere adjacent to it (Cooke et al, 1985 	Cooke and 
Smith, 1986). 
The clone 29C1, which detects sequences at locus DXYS14, was 
first isolated from a cosmid library prepared with DNA from cell 
line 3E7 (Marcus et al, 1976), a mouse-human hybrid which contains 
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multiple Y chromosomes. The initial intention was to screen for 
genes on the Y chromosome. CpG rich regions of unmethylated DNA are 
often found to be associated with genes (Bird, 1986). Such 
unrnethylated 'islands' are characterised by sites for the 
infrequently cutting enzyme SstII, together with clusters of Hhal 
and HpaII sites. Cosmid Cy29 was selected since it contained two 
closely spaced SstII sites. It was subsequently found to have 
clustered HpaII and Hhal sites (see Cooke et al, 1985; also Fig. 
3.4 of this Thesis). Pstl subfragments 29C1 and 29C4 and others 
were subcloned from this cosmid. 
These sequences were used as probes on a panel of hybrid cell 
DNAs, and were found to be present on the X and Y chromosomes, but 
not on the autosomes. Use of deleted X chromosome hybrids further 
localised the Cy29 derived sequences in distal Xp. Blood DNAs from 
several individuals were digested with a range of enzymes then 
probed with 29C1. This experiment led to two interesting 
observations. Firstly in EcoRI, Pstl and Hindill digests the probe 
detects between one and four bands of homologous DNA in each 
individual, with sizes which vary greatly between individuals. 
Secondly in a BamHI digest of genomic DNA, 29C1 detects a smear of 
hybridising fragments between 18 and 23kb. A similar result was 
obtained with enzymes EcoRV and SstII. 
29C1 was used, in conjunction with other XY homologous 
sequences to define the pseudoautosomal region of Xp and Yp, as 
previously described. Genetic mapping data for the region is 
consistent with the distal location for 29C1 assigned by chromosome 
hybrid homology. One possible explanation for the smear observed 
was that 29C1 homologous sequences lay distal to the last EcoRV, 
SstII and BamHI sites before the Xp/Yp telomere. Heterogeneity of 
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restriction fragments terminating at a natural DNA end has been 
observed in lower eukaryotes, as described in Section 1.1. To test 
this hypothesis, high molecular weight genomic DNA from two 
individuals was digested with exonuclease Ba131 then sampled after 
increasing digestion times. Samples were subsequently restricted 
with BamNI, Southern blotted then probed with 29C1. A decrease in 
size was observed in the hybridising fragments with increased 
digestion time. Aknown internal sequence from the X chromosome, 
used as a probe on the same blot, hybridised to fragments which did 
not decrease in size. This result, together with the 29C1 
homologous smear observed in genomic DNA digested with three 
different enzymes, and also with both the genetic and cytological 
localisation of 29C1 homology, constituteSstrong evidence that the 
Bal3l sensitive region is a chromosome end. 
The 29C1 probe was used to study the telomere immediately 
beyond it (Cooke and Smith, 1986). The variation in fragment size 
of the 29C1 homologous BamHI fragment in blood DNAs implies that 
this fragment varies in size from cell to cell. A similar result 
was obtained in a range of tissues taken from a single individual. 
However, sperm DNA in several individuals was found to show a smear 
about 5kb longer than that in somatic tissues. 	Lymphoblastoid 
cells cultured over a ten year period did not appear to have 
undergone any further change during this period. Thus at an early 
stage in the development of the soma sequences appear to be lost 
from the telomere. 
In lymphoblastoid cell lines examined there is much less 
terminal heterogeneity than is found in genomic DNA prepared from 
blood of normal individuals. When DNAs from a mass culture of a 
lymphoblastoid cell line and cultures individually subcloned from it 
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were compared, the 29C1 homologous BamHI fragment in each was found 
to vary slightly. 	All showed substantial reduction in terminal 
heterogeneity. Further, blood DNAs from individuals with B cell 
leukaemia also show much less terminal variation. Most of this DNA 
will have derived from a single cancerous cell. These results 
suggest that variable amounts of DNA are lost during early 
development and that some additional variation may then arise during 
somatic growth. Most variations appears to have arisen at an early 
stage however, so that cell populations derived from a single clone 
show much reduced terminal heterogeneity. 
In an attempt to understand the exact nature of the DNA 
terminus at the pseudoautosomal telomere, high molecular weight 
genornic DNAs were digested with mung bean nuclease and Exonuclease 
III (Howard Cooke, unpublished data). The 29C1 homologous BamHI 
fragment did not change size in these experiments, indicating that 
the telomere is resistant to these enzymes. The terminus therefore 
cannot be a blunt end or a 5' overhang, since these would be 
degraded by the exonucleases used. If the two strands were 
covalently linked then, when denatured, they would quickly 
reassociate. To test for this possibility BamHI digested DNA was 
denatured, allowed to reassociate briefly, then digested with single 
strand nuclease Si to remove all non-reassociated DNA. 	The 
remainder was blotted then probed with 29C1. The 29C1 homologous 
sequences were found to have been digested by this protocol (Howard 
Cooke, unpublished data). Further experiments are required to reach 
firm conclusions about the exact nature of the XY pseudoautosomal 
telomere. 	However these results would be consistent with a gapped 
hairpin of the kind previously described in Tetrahymena (see Section 
1.1). The finding of such a terminus at human telomeres now seems 
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more likely since Allshire et al (1988) have shown that sequences 
similar to the Tetrahymena terminal repeat are found at many if not 
all human telomeres. 
The 29C1 probe is of interest not only because of its proximity 
to a telomere but also because of the hypervariability of the 
sequence it detects. When genomic DNAs from a range of unrelated 
individuals were digested with enzymes Taqi, Pstl, Hindill or EcoRI, 
29C1 homology was found to lie in 1 to 4 bands the sizes and number 
of which varied greatly from individual to individual. Many 
hypervariable loci have been described (see Section 1.3 for a 
review). However 29C1 is unusual in that fragments vary not only in 
size but in number, and this of sequences known to be confined to 
20kb of the genorne. 
Sequences found in the pseudoautosomal region are often highly 
polymorphic (Goodfellow et al, 1986; Simmler et al, 1987). High 
recombination in this region during male meiosis might generate 
substantial variation. Also an investigation into inheritance of a 
proviral insertion in the mouse pseudoautosomal region has suggested 
that unequal recombination events occur with high frequency in this 
region (Harbers et al, 1986). In addition, most characterised 
subtelomeric sequences have been found to be polymorphic. Thus a 
high level of polymorphism in sequences at locus DXYS14 is 
consistent both with the pseudoautosomal and subtelomeric location. 
1.3. Minisatellites 
In order to understand the high level of interest in mini- 
satellite repeats, it is necessary to consider the evolution of and 
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current techniques for genetic mapping, particularly in humans 
(reviewed in Smith, 1986). The concept of a genetic map existed 
long before DNA had been shown to contain hereditary information. 
By studying inheritance of phenotypes, certain determinate 'factors' 
(now known to be genes on a chromosomal DNA molecule) were found to 
segregate as though they were physically linked. For unlinked 
genes, where parents were heterozygous at both loci, phase of 
alleles would be 'parental' in 50% of meiotic products and would 
change in the rest. A figure greater than 50% of meiotic products 
in parental phase demonstrated a tendency for cosegregation of 
alleles at these loci. By this technique the first linkage group of 
six sex linked loci was defined in Drosophila (Sturtevant, 1913). 
The data was used as evidence to support the chromosomal theory of 
inheritance. 
This approach has been used to map the genomes of several well 
studied organisms, including Escherichia coli, Saccharomyces 
cerevisia, Drosophila melanogaster and Mus musculus. In order to 
produce complete genetic maps in these organisms, inheritance of 
polymorphisms at many loci was followed through controlled breeding 
experiments. However, such an approach cannot be applied in humans, 
where generation time is long and controlled breeding is clearly out 
of the question. 
These problems have been solved to some extent by the study of 
the human genome at the DNA level. Variations in the DNA sequence 
can often be visualised as restriction fragment length polymorphisms 
(RFLPs). These arise usually where single base substitutions change 
a recognition sequence, or less frequently by insertion or deletion 
(Cooper and Schrnidtke, 1984). RFLPs provide many new genetic 
markers for linkage studies and a number of disease loci have been 
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mapped using them. Probes have now been isolated linked to Duchenne 
muscular dystrophy (Davies et al, 1983), Huntingtons chorea (Gusella 
et al, 1983), cystic fibrosis (Tsui et al, 1985), retinoblastoma 
(Cavenee et al, 1983) and many other disease loci. Once a linked 
polymorphism has been identified, diagnosis of carriers and effected 
individuals becomes possible in some pedigrees (reviewed in Cooper 
and Schmidtke, 1986). Existence of linked probes has allowed the 
cloning of genes effected by chronic granulomatous disease (Royer-
Pokora et al, 1986), Duchenne muscular dystrophy (Monaco et al, 
1986) and retinoblastoma (Friend et al, 1986). Cloning of the gene 
often allows identification of the lesion which has caused the 
disorder in a given pedigree, and may one day facilitate gene 
therapy. RFLPs have also been used in the study of chromosome 
rearrangements in cancer (Dracopoli et al, 1985 and references 
therein) and in examining genetic relations in human populations 
(Wainscoat et al, 1986). 
However, use of RFLPs has until recently been limited by the 
relatively low heterozygosity of mammalian DNA. Estimates suggest 
that approximately 1 in every lOObp shows polymorphism in which no 
allele is present at more than 99% (Jeffries, 1979; Murray et al, 
1983; Cooper and Schmidke, 1984). In a broad screen, RFLPs are not 
uncommon (Willard et al, 1985), but the overall low level of 
variability makes the search for them in a given area of interest 
tedious and slow. Use of enzymes such as Taqi or Mspl which contain 
the CpG doublet, known to be a mutation hotspot, increases the 
likelihood of finding polymorphisms. Yet even when a polymorphism 
is found, its use is often limited since most are diallelic and will 
therefore only be informative in a fraction of families. 
By chance Wyman and White (1980) isolated an anonymous DNA 
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fragment which was found to detect a highly viable locus showing at 
least 8 alleles. Such a probe is ideal for linkage analysis since 
most members of the population will be heterozygous at that locus. 
Other hypervariable loci have been described in humans near the 
light chain immunoglobulin locus (Hieter et al, 1981), the insulin 
gene (Bell et al, 1982), the alpha globin gene cluster (Higgs et al, 
1981; Proudfoot et al, 1982; Goodburn et al, 1983; Jarman et al, 
1986), the Harvey-ras oncogene (Capon et al, 1983), the type II 
collagen gene (Stoker et al, 1985) and the apolipoprotein B gene 
(Knott et al, 1986). One of these loci was found to be linked to 
the adult polycystic kidney disease gene on chromosome 16, thus both 
localising the gene and allowing carrier and prenatal diagnosis 
(Reeders et al, 1985). These hypervariable loci were used to define 
a gradient of recombination in the human pseudoautosomal region (see 
section 1.2). 
It therefore seems likely that such loci are common in the 
human genome. In every case studied so far, hypervariability has 
been the result of variation in copy number of a simple repeat of 
between 4 and ôObp. These repeats are referred to as mini-
satellites. Loci differ in degree of variability, with reports of 
as few as 6 alleles (Sykes et al, 1985) or as many as 80 (Balazs et 
al, 1986). It is generally presmed that this variation arises 
either by unequal crossover during meiosis and/or mitosis, or by DNA 
slippage during replication. Similarity has been reported between a 
consensus of several minisatellites and the lambda 'chi' sequence a 
known recombination signal. This led Jeffries et al (1985a) to 
propose that these sequences might be recombination signals which 
promote unequal exchange and amplification. In support of this 
hypothesis, a recent chromosome walking project in the mouse major 
- 25 - 
histocompatability complex revealed a recombination hotspot at which 
a similar minisatellite sequence was found (Steinmetz et al, 1986). 
In general these sequences have been found in non-coding DNA, but 
transcribed minisatellite sequences have been found in man (Swallow 
.
et al, 1987) and in Drosophila (Yu et al, 1987). 
A genetic map of the human genome based on multiallelic 
minisatellite loci would be a powerful tool for the study of 
inherited disorder. However, if attainment of this goal was 
dependent on chance discovery of hypervariable sequences, as in most 
of the cases described so far, then this would be a slow process. 
The problem was solved when it was found that a consensus ' core' of 
several of the minisatellites characterised, when used as a probe at 
low stringency, is able to detect many hypervariable loci spread 
throughout the genome (Jeffries et al, 1985a,b,c). The resultant 
hybridisation pattern has come to be known as a DNA fingerprint. 
Because of the high level of variation at these loci within the 
population, unrelated individuals have unique and complex patterns 
of homology to the consensus minisatellite probes. However, since 
most bci are usually stable in both germline and soma, alleles are 
inherited in a Mendelian fashion. The DNA fingerprint is best 
displayed when genomic DNA is cut with a frequent cutting enzyme 
such as HaeIII or Hinfl, which does not cut within the repeat 
sequence. Thus size of DNA fragments detected roughly reflects the 
number of repeats they contain. In this way approximately 15 bands 
are detected of 3-20kb in size, with a smear below them containing 
many more unresolved bands. Exact number of bands resolved varies 
with different probes used (Jeffries et al, 1985a, b). Using two 
different probes, segregation of 41 heterozyous DNA fragments was 
analysed in a single sibship (Jeffries et al, 1986). This study 
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suggested that fingerprints with these probes derived from 60 
heterozygous loci, only a proportion of which could be analysed in 
any one individual. No band appeared to segregate specifically from 
father to son or father to daughter, suggesting that none of the 
loci detected lay on the X or Y chromosome (Jeffries et al, 1985a; 
1986). A computer generated estimation of the rate of change 
required to generate such variation suggested a figure of the order 
of 0.001 unequal exchange events per locus per meiosis (Jeffries et 
al, 1985a). This rate is presumed to be higher for larger alleles. 
Observed frequency of novel bands is not inconsistent with this 
result. In addition, examination of tumour DNA suggests that 
mitotic rearrangements do occur (Thein et al, 1987). 
These results do demonstrate that members of a family of 
related minisatellite repeats are distributed throughout the human 
genome. It is not clear how they came to be distributed in this 
way, although in one case a minisatellite block was found to be 
surrounded by a 9bp direct repeat, a characteristic of the site of 
insertion of transposable elements (Weller et al, 1984). However, 
diversity of sequence of the various repeat loci would suggest that 
these regions are not related by transposition. Analysis of 
homologous hypervariable loci in inbred mouse strains suggests that 
minisatellites are not preferentially located at centromeres or 
telomeres (Jeffries et al, 1987). A similar distribution in humans 
would be consistent with the observation that most of the loci 
identified in a human fingerprint are unlinked (Jeffries et al, 
1986). 
The consensus repeat which detects a fingerprint in total human 
DNA can also be used to screen DNA libraries. The clones isolated 
thus can be used at high stringency to detect single hypervariable 
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loci for genetic mapping (Wong et al, 1986, 1987; Nakamura et al, 
1987). Already a linkage map of the human genome has been 
published, including several of the hypervariable loci referred to 
in this thesis (Donis-Keller et al, 1987). This map is incomplete 
since it has large gaps and some loci map too far from markers to be 
useful. Isolation of other minisatellite loci will lead to a more 
complete map, with probes of very high heterozygosity which are 
therefore almost always informative. In addition, since the 
'fingerprint' technique is a simultaneous screen of many scattered 
autosomal loci, it may be possible in an extended pedigree to link a 
band within the pattern to a dominant defective phenotype (Jeffries 
et al, 1986). The specific band might then be isolated from the 
pattern and used as a single locus probe to locate the defective 
gene. 
In addition to use in gene mapping, DNA fingerprinting has been 
put to a number of applications of both economic and scientific 
importance. By far the most significant of these are its 
applications in forensic investigation and paternity testing. 
Because the pattern is unique to each individual, a fingerprint from 
sperm or blood samples found at the scene of a rape can be used to 
identify the individual responsible. The core probes and locus 
specific probes have already been successfully used in prosecutions. 
Probes from single loci can give a result from as little as 50ng of 
DNA (Wong et al, 1987), and can be made to work on DNA from old or 
dried tissue. Also because the pattern is inherited stably in a 
Mendelian fashion, it can be used to confirm paternity and maternity 
to a degree of certainty so high that even the Home Office have 
accepted its validity (Jeffries et al, 1985c). Interestingly, the 
core sequence has been shown to detect multiple variable fragment 
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patterns in a wide range of vertebrates, including mammals, birds, 
reptiles, ahibians and fish (Jeffries and Morton, 1987). These 
patterns have proved to be hypervariable, dispersed and stably 
inherited in mice (Jeffries et al, 1987), cats and dogs (Jeffries 
and Morton, 1987) and birds (Wetton et al, 1987; Burke and Bruford, 
1987). Paternity tests in species other than man could be used in 
animal population studies (Wetton et al, 1987; Burke and Bruford, 
1987) and could also be used for confirmation of pedigree in 
livestock. 
DNA fingerprinting also has several medical applications. 
Transplanted bone marrow in a leukaemia patient should have a 
different fingerprint to the patient's other tissues. A relapse 
might therefore be detected by reappearance of the original finger-
print in that tissue (Thein et al, 1986). Twin zygosity can be 
quickly and reliably ascertained by fingerprinting, so that 
monozygotic and fraternal twins can be distinguished (Hill and 
Jeffries, 1985). This information is useful in medical research 
(Hruberk and Robinette, 1984) and is also important since 
monozygotic twins present a variety of medical complications and 
generally have a poor prognosis. Recently, tumour cell DNA has been 
found to show variation in the fingerprint pattern (Thein et al, 
1987). If variant bands were cloned from the pattern then used as 
locus specific probes, these could yield information on the genetic 
events which resulted in the cancer. 
Other hypervariable repeat families' have now been identified in 
the human genome. The 3' minisatellite region of the human a globin 
gene cluster was found to contain a repeat with similarity to 
minisatellites associated with the insulin gene and with the a-
globin complex (Jarman et al, 1986). These sequences share a common 
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'core' homology rather different from that of the Jeffries repeat 
family. When used as a genomic probe at low stringency this 
minisatellite also detects other hypervariable loci in a 'finger-
print' pattern apparently unrelated to that of the previously 
reported probes. Fingerprint type hybridisation patterns have also 
been reported using oligonucleotides based on the GAA simple 
quadruplet repeat (Ali et al, 1986), a tandem repeat in M13 (Vassart 
et al, 1987), a mouse repeat homologous to the Drosophila "Per" gene 
sequence (Georges et al, 1987) and the DXYSI5 human pseudoautosomal 
minisatellite (Simrnler et al, 1987). Not all of these sequences are 
as useful for fingerprinting as the Jeffries minisatellite probes, 
since there is considerable variation in the number of loci each 
detect and the degree of heterozygosity of those loci. Neverthe-
less, each appears to detect a distinct family of hypervariable 
minisatel]. ites. 
These sequences must therefore be relatively common in the 
human genome. They share a common structure, each locus consisting 
of a variable number of short repeats of between 4 and 60 base 
pairs. However, sequence of repeat units may vary greatly. In 
contrast to the Jeffries and ,Jarman 'cores', some of the mini-
satellite loci identified are extremely AT rich (Stoker et al, 1985; 
Knott et al, 1986; Simmier et al, 1987). The suggestion that they 
may be recombination signals would provide an explanation for 
variability and evolutionary conservation. However, similarity to 
the lambda 'chi' recombination signal is not perfect, even in the 
Jeffries repeat family, and is non-existent in other minisatellite 
loci. It has been shown in prokaryotes that minor variation in the 
chi sequence renders it inactive (Smith and Stahl, 1985). It would 
be interesting to determine whether others of these many hyper- 
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variable sequences are recombinant hotspots, in humans and other 
vertebrates. 
Further study of these loci may lead to a better understanding 
of the mechanism of recombination in eukaryotes, as well as 
providing a rich source of highly informative markers for genetic 
mapping. Also the combined use of probes for the different repeat 
families to obtain fingerprints in large disease pedigrees may prove 
to be a useful aid for rapidly locating previously unmapped 
inherited disease loci. 
1.4. Aims of the project 
As stated in section 1.2, locus DXYS14 is a hypervariable 
region close to the human pseudoautosomal telomere. The work 
described in this thesis is an analysis of sequences at this locus 
and of their inheritance. One purpose of the project was to 
identify the cause of the variation observed. Information gained 
could also contribute to a map of the subtelomeric region. 
Ultimately, such information might contribute to an understanding of 
the structure and function of eukaryotic telomeres in general, and 
of the human pseudoautosomal telomere in particular. 
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CHAPTER TWO 
MATERIALS AND METHODS 
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2. 1. REAGENTS USED 
Chemicals 
Chemicals used for this work were supplied by BDH Chemicals 
Ltd., Sigma Chemical Company, Boehringer Mannheim GmbH, Pharmacia 
Fine Chemicals AB, and Oxoid Ltd. 
Buffers 
TE: 	10mM Tris HC1 (pH7.6) 
1mM EDTA (pH8) 	 pH7. 6 
NTE: 	10mM Tris HC1 (pH8) 
100mM NaCl 
1mM EDTA (pH8) 	 pH8 
TAE: 	0.04M Tris-acetate 
0.002M EDTA 
TBE: 	0.089M Tris Borate 
0.089M Boric Acid 
5 x E Buffer: 63.77 grams sodium hydrogen orthophosphate 
469.67 grams disodium hydrogen orthophosphate 
46.25grams Ethylene Diamino tetra acetic acid 
25 litres 
NaPi Buffer: 	89g Na2HPO4 x 2H20 
+ 3-4mls H3PO4 conc. to pH7.2 in one 1 
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20 x SSC: 	175.3g NaC1 
88.2g trisodium citrate 
pH to 7 with iON NaOH in one 1 
20 x SSPE 	1.74g NaCl 
27.6g NaP2PO4 H20 
7.4g EDTA 
pH 7.4 with iON NaOH in one 1 
Denhardts x 50: 	lOg Ficoll 
lOg polyvinylpyrrolidene 
lOg BSA (Pentax fraction V) 
to one 1 
Stop mix/gel 	0.2M EDTA 
loading buffer: 15% w/v Ficoll 
+ Orange G 
Phage storage medium (SM) 
5.8g NaCl 
2g MgSO4 7H20 
50mls IM Tris HC1 pH7.5 
5mls gelatin 	 in one 1 
Other solutions are described in the relevant sections. 
b) Enzymes 
Enzymes were supplied by Aglian Biotechnology Ltd., Ainersham 
International PLC, New England Biolabs Inc., Boehringer Mannheim 
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GmbH, Bethesda Research Laboratories (BRL) and Pharmacia Fine 
Chemicals AB. 
c) Radiolabelled compounds 
Radioactive reagents used in this work included a[S]dATp, 
cz[ 32P]dCTP, a[ 32 ]dGTP, a[ 32P]TTP and tATP. These were obtained from 
Amersham International PLC. 
2.2. BACTERIAL CULTURE 
a) E.coli strains used 
Strains used are as follows: 
hsdRK, hSdMK sup f, 80 
hsdR1< , hsdMKf sup f, '80, P2. 
These E.coli K12 derived cells were used in production of the 
L47 A library. Q359 contains prophage P2, which restricts infection 
by other \ strains. Recombinant L47 molecules however have lost the 
red and gam genes responsible for P2 interference, which have been 
replaced by cloned DNA. They grow well in P2 lysogens as long as 
they carry a chi sequence. Thus recombinants are selected for. 
This is known as the 'spi' phenotype (Karn et al, 1983). Non-
recombinant L47 was grown on Q358. 
JM83:- ara, lac-pro, strA, thi, '80d, lacl.4M15. 
This is an E.coli K12 strain which carries the laclAM15 on a 
80 integrated into the chromosome (Vieira and Messing, 1982). 
DIH101:- This is an F'kan derivative of HB101, genotype of 
which is [F, hsdS20(rB, mB), recA13, ara-14, proA2, lacYl, galK2, 
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rpsl20 (Smr), xyl-, mtl-1, supE44, 	(Maniatis et al, 1982). 
HBI01 is a hybrid of E.coli K12 x E.coli B (Boyer and Rouland-
Dusçoix, 1969). 
NM522:- This strain is derived from E.coli K12 strain BMH7I-
18, with restriction and modification genes deleted (denoted Hsd5) 
(Gough and Murray, 1983). BMH71-18 is of the genotype [(lac,pro)], 
F'lacZ.A M15, acI (Messing et al. 1977). 
This information is summarised in Fig. 2.1. Details of 
abbreviations and symbols used can be found in Winnaker (1987) and 
is also shown in Fig. 2.1. A complete linkage map of known E.coli 
loci is available in Bachmann and Low (1980). 
b) Media 
The following media were made up with double distilled water 
for culture of E.coli. Tryptone, yeast extract, casamino acids and 
agar were supplied by Difco Ltd. Agarose was supplied by Sigma 
Chemical Company. Media were sterilised by autoclaving at 120 0C and 
151b in -2  for 20 minutes. 
Luria-Burrows broth (L-broth): 
g1' 
Tryptone 	 10 
Yeast Extract 	5 
NaCl 	 10 
MgSO4 	 2.4 	 pH7.2 
L-agar contains 15g agar/l, and L-top contains 6.5g agar/l. 
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FIGURE 2.1. 
A table of Escherichia coil cell strains used 
Cell 	 Genotype 
Strain 
Q358 hSdRK-, hsdMK+, supF, 080 
Q359 hsdRK-, hsdMK+, supF, 	80, 	P2 
JM83 ara, 	Llac-pro, strA, 	thi, 
080d, lacZM15 
DIH101 hsdS20(rB,MB), recA13, 	ara-14, 	proA2 
lacYl, 	gal K2, rpsl20(Smr), 	xyl-5, 
mtl-1, supE44, lambda, Fkanr 
NH522 A(lac,pro), 	Hsd5, F'lacZM15 Lacf' 
Reference 
Karn et al (1983) 
) 
Vieira & Messing 
(1982) 
Maniatis et al 
(1982) 
Gough & Murray, 
(1983) 
Genetic symbols from the linkage map of E.coii 
ara Utilisation of arabinose 
hsdM host specific modification 
hsdR host specific restriction 
galK galactôkinase 
lac utilisation of lactose 
pro of proline 
rec general genetic recombination 
rpsl ribosomal protein L12 
str streptomycin resistance 
thi of thiamine 
xyl utilisation of xylose 
supE/F suppressor of amber UAG mutations 
met of methionine 




Yeast Extract 	5 
NaCl 	 3 
Agar 	 10 	 pH7.2 




NaCl 	 8 
Agar 	 12 	 pH7 
H top agar contains only 8g agar/l. 
2 x TY broth: 
g 1 1 
Na2HPO4 	 16 
Yeast extract 	10 
NaC1 	 5 	 pH7 
M9 salts (5x): 
g1 1 
(NH4)2SO4 	10 
K2HPO4 	 70 
30 
Tris-Na-citrate 	5 
MgSO4 	 1 
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Glucose minimal medium: 
per litre 
5 x M9 salts 	200mls 
20% glucose 	l0mls 
Thymine HC1 
(lomg/ml) 	2.5mls 
Agar 	 15g 
DH20 	 787.5mls 
Reagents for the above were sterilised separately then mixed 
when cool. 
T-broth: 
g l 1 
Tryptone 	 10 
NaCl 	 8 
Q358 and Q359 when used for infection by were grown in T-
broth supplemented by 0.4% maltose. This induces synthesis of the 
maltose transport protein, which is required for absorption of 
bacteriophage lambda onto the surface of E.coli cells. 
c) Maintenance of bacterial cells 
All cells were grown at 37 0C. Liquid cultures were continually 
aerated during growth by shaking at 250 rpm on a rotary shaking 
platform. Rate of growth of a bacterial culture was monitored by 
withdrawing aliquots of culture and measuring the optical density at 
wavelength 550nm in a spectrophometer. 1 0D550 = 8.108 cells/ml 
approximately. Resistant cell strains were selected for by growth 
on the appropriate antibiotic and maintained thereafter in that 
antibiotic. Amplicillin and Kanomycin used were supplied by Sigma. 
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Bacterial stocks were stored at -70 1C in the appropriate growth 
medium plus 20 glycerol. 
2.3. VECTORS FOR CLONING E.COLI 
Information given in the following sections is summarised in 
Fig. 2.2. 
L47 
L47 is a lambda based vector for cloning EcoRI, Hindill or 
BamHI restricted DNA of size 9.6-24kb (EcoRl), 7.2-21.6kb (HindlIl) 
or 4.7-19.6kb (BamHI) (Loenen and Brammer, 1980; Winnaker, 1987). 
It was derived from.XNN567. A series of genetic crosses were used 
to introduce a ChiA mutation and to eliminate sites for the above 
three enzymes from the non-replac able region of the vector genome. 
Recombinants of the resultant phage grow well on rec + •strains of 
E.coli and show full spi phenotype (see host cells Q358/9). 
pBR322 and its derivatives. 
Plasmid pBR322 contains three sections, one with ampr, one 
containing an origin of replication and one carrying Tcr (Bolivar et 
al, 1977). This is the prototype for many modern vectors. Plasmids 
pBR327 (Soberon et al, 1980) and pAT153 (Twigg and Sherrat, 1980) 
are derived by deletions of mobilisation functions and a repressor 
of replication, and hence show a 2 to 4 fold increase in copy 
number. These plasmids were not used as cloning vectors, though 
cosmids and sequencing vectors used are based on them. They were 
used as DNA size markers in some experiments. 
The pTJC series plasmids are also pBR322 derivatives (Vieira and 
Messing, 1982). Once again they give high copy number and confer 
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lambda phage L47 Recombinants selected for by 	Derived from lambda NN567 
	
use of spi phenotype 	 with loss of Hindlil, 	Loenin and Brammar (1980) 
BamHI and EcoRI sites 
pAT153 	 Ampr, Tcr 	 Derived from p&22, with 





Ampr, select for recombinants High copy No. with complex 
by loss of lacZ function 	polylinkers 	 Vieira and Messing (1982) 
ampr 	 Contains lambda cos site so Ish—Horowicz and Burke 
can be packaged 	 (1981) 
amp', select for recombinants Contains Fl on, so can be 
encapsidated as SS phage Dente et al (1983) 
by loss of lacZ function 	on coinfection with Fl 
amp", select for recombinants As for pEMBL with, in 
pTZ18R/19R 	 by loss of lacZ function 	addition, the T7 promoter Analect (1985) 
for high copy No. 
amp'. The polylinkers of these plasmids are shown in Fig. 2.3. In 
both cases the polylinker is inserted into the 3-galactosidase 
(lacZ) gene. Cells harbouring a non-recombinant plasmid come up 
blue on medium containing X-gal (5-bromo-4-chloro-3-indolyl-f3-
galactosidase). This is because the mutant lacZ of the vector and 
the mutant lacZ of the cell compensate for each others defects in 
function and restore (3-glactosidase activity. An active lacZ 
function causes X-gal to break down and release a blue derivative. 
IPTG, (isopropyl 13-D-thiogalacto-pyraneside) a gratuitous inducer of 
the lac operon, must be used in some cell lines to produce proper 
distinction between blue and white colonies (Messing et al, 1977; 
Messing, 1982; Danner, 1986). 
Cosmid pJB8 
Cosmid pJB8 was derived from the Homerl (ampr) plasmid, which 
in turn is a derivative of pAT153. It contains the lambda cos site 
and so can be efficiently packaged in vitro into phage particles. 
Also a synthetic BamHI linker is inserted in the EcoRI site. This 
allows DNA of 32-45kb with BamHI compatible ends (such as Mbol or 
Sau3A) to be introduced efficiently into host bacteria (Ish-Horowicz 
and Burke, 1981). This vector was used in the production of the 
Mbol partial Y chromosome library from which a putative telomeric 
clone was first isolated. This work was done by Dr. W.R.A. Brown 
and Dr. Howard Cooke. 
ptJC plasmid/phage Fl based sequencing vectors 
i) pEMBL 8/9 
pEMBL vectors are based on puc8/9 and contain the phage Fl 
origin of replication. A 1300bp EcoRI fragment from the Fl genome 
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POLYLINKERS OF pUC PLASMIDSI 
pUC8 
LIMIT OF POLYLINKER SEQUENCES ........................................ 
GATTACGAATTCCCGGGGATCCGTCGACCTGCAGCCAAGCTTGGCACTG 
4 	 0' 	 4 	 00. 	 4 	 4 
EcoRl 	 0 Barn Hi 	4 Pst 1 	 Hind III 
Sma 1, Xma 1 
In pUG 9, the plasmid is the same but the polylinker sequence is in reverse orientation. 
pUC 1 
.1 11 ......................................... LIMIT OF POLYLINKER SEQUENCES 
A G T AG A A TIC C A G CT C G G TA C C C C G G G AT C CT CT AG AG T C G A C CT G C A C G C A 
EcoRl 0' 	 0 4 , 	Kpn 1 	 Barn Hi 	 0 ' Sal 1, Acc 1 
Or 	 4 
4 0 
Sad 1 	 ____________ 
Sma 1, Xma 1 	




T 	 hG G C G 
Sphl00 	 Ii Hind III 
to 
Once again, pUC 11 is simply the same plasmid with the polylinker sequence reversed. 
H 
containing the replication origin is inserted into the Narl site. 
Thus while cloning functions (ampr, origin of replication and a 
functional lacZ gene with polylinker in it) are preserved, plasmids 
can also be encapsidated as single stranded DNA upon supeninfection 
with phage Fl (Dente et al, 1983). 
ii) pTZ18R/pTZ19R 
These are sithilar in principle to pEMBL vectors, allowing 
cloning and sequencing in one system. Again both Fl and pBR322 
origins of replication are in the plasmid. Also a functional lacZ 
gene contains the pTJCI8/19 polylinker. In addition, pTZ plasmids 
contain, 	the bacteriophage Ti RNA transcription promoter. 
-, 	 - 	 - - ( Analect, 
1985). 
2.4. MAMMALIAN CELL CULTURE 
Three cell lines were used during the course of the work 
described. The Thy B human/mouse hybrid contains one human X 
chromosome as the only cytologically detectable human DNA (Lund et 
al, 1983). This has an HPRTmouse parent. Thus it is grown as a 
suspension culture on HAT supplemented RPMI 1640 medium to select 
for the HPRT gene on the human X. The 3E7 cell line grows as a 
monolayer on Dulbecco's modification of Earle's medium (D-MEM). 
This is a human/mouse hybrid al-so, containing only the human Y 
chromosome (Marcus et al, 1976). PES is a human lymphoblastoid cell 
line derived from a male member of the lab, transformed with Epstein 
Barr Virus. It grows as a suspension culture in RPMI 1640. 
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Most tissue culture work for this thesis was done by S. Mackay. 
Cells were grown in RPMI 1640 or D-MEM, with 10% foetal calf serum 
(FCS). All cultures were grown at 37 0C in a 10% CO2 atmosphere. 
Monolayers were split when confluent by typsinising. Cells were 
stored in 5% DMSO/95% foetal calf serum in liquid nitrogen. 
2.5. DNA PREPARATION 
From mammalian cells (Based on Gross-Bellard et al, 1973) 
Cells were pelleted at 800rpm 5 minutes then washed twice in 
Dulbecco's medium and resuspended in 2mls Dulbecco's. While 
swirling 15mls urea lysis buffer (7M urea, 2% SDS in NTE), cells 
were added dropwise. The lysate was swirled for 30 seconds at room 
temperature until homogenous. 15mls of phenol buffered against NTE 
were added, followed by lSmls chloroform isoamyl alcohol (24:1). 
This mix was swirled for 10 minutes then pe1lted at 2000rpm 15 
minutes. The supernatant was removed down to the interface. This 
procedure was repeated twice, then once with chloroform only. DNA 
was then precipitated with 0.3M NaOAc and 2 volumes of ethanol at 
0°C. The pellet was washed with 70% ethanol then resuspended in TE. 
DNAase free RNAase was added to 50pg/ml, then DNA was incubated at 
37 0C one hour. Proteinase K was then added to 50ig/ml followed by 
another hour at 37 0C. Volume was made up to lOmis then DNA was 
extracted twice more with phenol/chloroform. Finally DNA was 
dialysed against TE for 24 hours. 
From plasmids 
An understanding of and techniques for transformation of E.coli 
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cells by DNA can be found in Hanahan (1983), while several 
transformation protocols are described in Hanahan (1985). 
Competant cells 
Two methods were routinely used for preparation of competant 
cells. The first and simplest is taken from the Amersham sequencing 
handbook. A single colony of cells was picked into 40mls 2 x TY 
medium and grown to an OD of 0.5. Cells were spun down at 2K 2 
minutes, resuspended in 20mls chilled sterilised 50mM CaCl2 and left 
for 20 minutes on ice. They were then spun down again and 
resuspended in 4mls 50mM CaCl2. Kept on ice, cells prepared thus 
were competent for up to 48 hours. However this method gave low 
transformation efficiences. Another method was used to give 
efficiences up to 108+  colonies per jig of plasmid. A lOOmi culture 
of bacteria was grown to 0D550 0.48, chilled on ice then spun 2K5 
/' 
minutes. The pellet was resuspended in 2/5 volumes filter 
sterilised transforming buffer 1 (TFBI = 30mM KOAc, 100mM RC12, lOm 
CaC12, 50mM MnC12, 15% w/v glycerol, pH5.8), gently vortexed and 
left on ice 5 minutes. (For DIHI01 incubate at this stage 1-2 
hours). Cells were then pelleted again at 2KA5 minutes and 
resuspended in 1/25 volumes filter sterilised TF6 II (10mM MOPS, 
75mM CaC12, 10mM RbC12, 15% w/v glycerol, pH7). These were left on 
ice 15 minutes, aliquoted into eppendorf tubes and snap freezed into 
liquid nitrogen. Cells were then stored at -70 0C. 
Transformation 
Cells were thawed gently and left on ice. The DNA required was 
added to a 300jil aliquot in a volume less than 1/4 of the cell 
volume. Choice of buffers in which the DNA was added did not 
matter, but <150ng DNA was added per transformation. These cells 
were left on ice 30 minutes. They were then heat shocked at 42 0C 
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for two minutes, left on ice for two minutes, then 700.il L-broth was 
added and cells were resuspended. They were incubated at 37 0C 30 
minutes, pelleted again, resuspended in 100il L-broth and spread on 
a plate of the appropriate medium with amplicillin at 30jig/ml to 
select for transformants. Recombinants were selected for with X-gal 
and IPTG (see Section on pBR322). 
Small scale plasmid DNA preparation 
The method used was that of Ish-Horowicz and Burke (1981), 
modified from an alkaline lysis protocol by Birnboim and Doly 
(1979). imi of an overnight culture was spun down 30 seconds in an 
eppendorf centrifuge. The pellet was resuspended with vortexing in 
100il solution 1 (50mM glucose, 25mM Tris pH8, 10mM EDTA, pH7.5) and 
incubated at room temperature 5 minutes. 200jil solution 2 (0.2N 
NaOH, 1% SDS) was added and the tube was mixed gently. This was 
rA 4oc) 
incubated on ice 5 minutes then 150i.il precooled solution III was 
added. The tube was vortexed gently and briefly then incubated on 
ice 5 minutes. After a 1 minute spin, 360pl of supernatent was 
transferred to a fresh tube, avoiding the sediment. 720i1 absolute 
ethanol was added, tubes were left at room temperature for two 
minutes, then spun for 1 minute. The pellet was resuspended in 501il 
TE and lithium chloride precipitated to further purify it (see next 
Section). 1/50 of the resultant DNA was restricted with the 
appropriate enzyme plus RNAase, then tested on an agarose gel. 
Large scale plasmid DNA preparation 
The method used is based on the alkaline lysis method of 
Birnboin and Doly (1979) as above, followed by dye bouyant density 
centrifugation (Radloff et al, 1967). A 500m1 culture was grown in 
the appropriate medium and antibiotic overnight. Cells were 
pelleted at 2.5K for 5 minutes then resuspended in 18mls solution 1. 
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To this 2mls of solution 1 with 5pmg/ml fresh lysozyme was added, 
with swirling. The mix was incubated at room temperature for 10 
minutes then 40mls solution 2 was added. After 5 minutes, 20mls 
solution was added, chilled. The mix was swirled gently and left on 
ice 15 minutes, then spun at 5K for 10 minutes to pellet cell 
debris. The supernatant was poured through a teastrainer. 0.6 
volumes isopropanol was added and DNA was pelletd at 4K for 5 
minutes. When the supernatant was fully drained, the pellet was 
resuspended in 12mls TE and added to 13.4g CsC1 in a 50m1 container. 
1.4mls ethidium bromide solution (lOmg/ml) was added. This mixture 
was spun in a fixed vertical rotor for 16 hours at 40K and 20 0C. 
The supercoiled plasmid DNA can intercalate less ethidium bromide 
than the cell DNA, so the denser plasmid DNA bounded below the cell 
DNA and could be collected with a syringe under UV light. Ethidium 
bromide was removed by 3 extractions with butanol. DNA was then 
precipitated with 3 volumes of 70% ethanol. 
c) Preparation of single stranded DNA from Fl based vectors 
Cultures of single stranded DNA were grown differently for pTZ 
and pEMBL plasmids, but once grown DNA was prepared from them in the 
- 	same way. 
pEMBL single strand cultures were grown by picking a single 
colony transformed by the appropriate plasmid into a Sml L kan amp 
(20ig/ml kan, 100ig/ml amp) culture and growing overnight. 100)11 of 
this culture was then added to Smls L amp and incubated with shaking 
2 hours at 37 0C. Fl helper phage was then added to a multiplicity 
of infection of 10 (10 phage per cell) and the culture was grown for 
a further 4-5 hours. 
pTZ single strand cultures were grown by growing a culture of 
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cells transformed with the appropriate pTZ construct to 0D550 in 2 x 
TY plus 150ig/ml amp and 0.001% Thiamine. 2mls of this culture was 
then infected with M13K07 helper phage at an MOl of 10. This was 
shaken vigorously for one hour at 37 0C in a 50m1 tube, then 400jil of 
this was added to 10mls 2 x TY with 70pg/ml kan. This was grown at 
37 0C for 14-18 hours with very good aeration. 
From this point cultures of pEMB1 and pTZ were treated the 
same. Cultures were split into eppendorf tubes and spun 5 minutes 
to pellet all cells. Supernatants were transferred to another tube 
and again spun to guarantee no cell debris wad left. 	lml of 
supernatent was then transferred to a fresh tube containing 250ji1 
2.5M NaCl/20% PEG 6000. This was left at room temperature 15 
minutes spun down 5 minutes and the supernatent was removed 
completely. Pellets were pooled by resuspending in lOOiil TE with 
50ig/ml RNAase and incubated at 37 0C 15 minutes. ôOpl phenol was 
added, the mix vortexed then tubes were left on the bench 15 
minutes. After this time they were vortexed again then spun 5 
minutes. The supernatent was added to 100il chioroform/octanol 
(24:1), vortexed and spun 1 minute. The supernatent was then 
removed to a fresh tube. 10il 3M NaOAc and 200il absolute ethanol 
was added, and the tube was centrifuged to precipitate the DNA. The 
pellet was washed with 70% ethanol and resuspended in 50i1 TE. This 
was then sometimes further cleaned by lithium chloride precipitation 
(see next Section). 
d) Preparation of phage lambda DNA 
1) Large scale lambda preparation (Yamamoto et al, 1970) 
The appropriate host cell was grown in lOOmls L broth over-
night. Cell concentration was measured (1 0D600 = 8 x 108 
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cells/ml). Cells were pelleted and resuspended in 10MM MgSO4. 
Phage were then added to an ideal ratio previously calculated in a 
series of minipreps inoculated with between 10 and 108 phage per 108 
cells. Cells were incubated at 37 0C for 20 minutes then added to 
500mls prewarmed L-broth and incubated at 37 0C overnight. Lysis was 
indicated by the presence of bacterial debris. If no lysis was 
visible a further 500mls L-broth could be added and the culture 
incubated a further 2-3 hours. lOmis chloroform was added to each 
flask. The flask was chilled to room temperature and DNAase and 
RNAase were added to a concentration of 1ig/m1. After 30 minutes at 
room temperature, NaCl was added to 0.5M, then the flask was left to 
stand on ice 1 hour. Cell debris was peileted at 2K 10 minutes at 
40C. 10% w/v PEG 6000 was added to the supernatent. This was left 
on ice a further hour to precipitate the phage. Phage were pelleted 
gently, resuspended in 5M (lOmls/l of original culture). To this an 
equal volume of chloroform was added and mixed. After spinning at 
1.5K lOminutes at 40C, the organic phase was separated. 0.75g/ml 
CsCl was added then the phage suspension was layered onto a step 
gradient in a suitable centrifuge tube. Step gradients were made by 
laying sequential solutions of CsCl in SM on top of one another. 
This was centrifuged at 22K for 2 hours at 4 0C. Phage particles 
were visible as a bluish band when light was shined from above, and 
were extracted with a syringe. CsCl was removed by dialysis against 
TE. Phage particles were burst by 1 hour incubation in 20mM EDTA, 
50ig/ml proteinase K, 0.5% SDS at 37 0C. DNA was then phenol/ 
chloroform extracted, and chloroform extracted. DNA was again 
dialysed against TE then stored at -20 0C. 
ii) Small scale 
The method is similar to large scale preparation but simpler. 
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Phage were again added to cells in MgSO4 in th ? ideal ratio, with 
..
,10 8  cells to start. These were added to Smls L-broth and grown to 
lysis overnight. lOOjil chloroform was added. Bacterial debris was 
precipitated at 2K then DNAase and RNAase were added at 20jig/ml. 
After 30 minutes at 37 0C 5 mis 2M NaC1/20% PEG in SM was added, and 
the mix was left on ice one hour. Phage were pelleted and 
resuspended in 0.5m1 SM. This was made up to 0.5% SDS, 20mM EDTA 
then incubated at 68 0C 15 minutes. DNA was phenol extracted, 
phenol/chloroform extracted, then isopropanol precipitated. The 
pellet was washed in 70% ethanol and resuspended in TE. 
2.6. PURIFICATION OF DNA 
Several purification techniques are described elsewhere in this 
thesis as steps in larger protocols. The following are extensively 
used in this work and deserve some further comment. 
a) Phenol/Chloroform extraction 
Phenol can be used to denature proteins bound to the DNA, while 
mixing with a combination of two different organic solvents is a 
highly efficient way of removing proteins and some RNAs from 
solution with DNA (Brawerman et al, 1972; Maniatis et al, 1982). 
DNA in solution was mixed to emulsion with an equal volume of 
phenol, which denatures the protein and partitions some of it out of 
the aqueous phase. 	This was then centrifuged to separate the 
aqueous and organic phases. The aqueous supernatent was removed to 
a fresh tube without disturbing the interface. An equal volume of 
1:1 mix of phenol/chloroform was added and again the tube was mixed 
to emulsion. This step efficiently removes protein. Again the 
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aqueous phase was separated by centrifugation then removed to a 
fresh tube without taking-any of the interface. 	Now the solution 
was mixed and extracted with an equal volume of chloroform to 
dissolve all trace of phenol. The DNA was then precipitated with 
two volumes of ethanol and 1/10 volume 3M NaOAc.. In avoiding 
removing any of the interface in each extraction step inevitably 
some DNA was lost. However, done well, this left DNA free from 
protein or phenol which might inhibit enzymes subsequently used to 
modify or digest it. 
Ethanol precipitation 
DNA in aqueous solution precipitates on addition of sodium or 
ammonium ions and ethanol or isopropanol. The most commonly used 
technique was to add 4odium acetate to 0.3M and 2 volumes of ethanol 
then centrifuge to pellet the DNA. Where DNA was to be separated 
from single nucleotides precipitation with 0.5M NH40Ac and 0.6 
volumes isopropanol was found to be more efficient. Variations on 
this theme are discussed by Maniatis et al (1982). Classical 
technique often suggests the use of prolonged incubation in -70 0C 
before spinning. Also carriers such as tRNA or dextran are used to 
co-precipitate with the DNA and pull it out of solution, where DNA 
is in very low concentration. However, a recent study suggests that 
the former makes no difference and that the latter is unnecessary 
for DNA concentrations greater than 4ig/ml (Zeugin and Hartley, 
1985). 
Lithium chloride precipitation 
The above methods cleaned DNA to a high degree. Lithium 
chloride precipitation is a quick and simple technique used on a 
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very impure DNA (usually minipreps) to remove much of the RNA and 
protein, leaving DNA pure enough to be digested (Pelham, 1985). DNA 
at relatively high concentration was added to an equal volume :5M 
LiCl. The mix was incubated on ice 5 minutes. Precipitated DNA and 
protein were removed by centrifugation then 2 volumes of ethanol was 
added to the supernatent to precipitate the DNA. The pellet was 
washed in 70% ethanol then resuspended in TE. 
d) Use of Elutip-d minicolumns 
DNA isolated from agarose gels was concentrated and purified 
using minicolumns containing an ion exchange resin (Schleicher & 
Schuell Ltd). This removed contaminants from the agarose known to 
inhibit ligation. DNA of high purity prepared thus was used for 
preparation of hybridisation probes, cloning, chemical sequencing 
and restriction mapping. The sample was run into the column in low 
salt buffer (0.2M NaCl, 20mM Tris pH7.4, 1mM EDTA) in volumes up to 
5mls. The column binds DNA in low salt while proteins and other 
contaminents wash through. The DNA was then 	 with 400i 
high salt buffer (1M NaCl, 20mM Tris PH7.4, 1mM EDTA) and 
precipitated with ethanol. 
2.7. ESTIMATING DNA CONCENTRATION 
DNA concentration can be estimated by comparison of a band 
intensity on an agarose gel to that of a marker band of known 
intensity. Alternatively, if the sample is reasonably pure, a 
quicker and more accurate value can be obtained using a spectropho-
meter. 0D260 of 1 corresponds to 50ig/ml double stranded DNA 
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40ig/ml single stranded DNA or RNA. The ratio of 0D260 to 0D280 
should be 1.8 for DNA and 2 for RNA. Contamination with proteins or 
phenol would give lower values (Maniatis et al, 1982). 
2.8. ENZYMES USED IN DNA CLONING 
a) Restriction Enzymes 
Many restriction enzyme digests were carried out in standard 
high, medium or low salt buffers. Certain enzymes required more 
specific ionic conditions and for these special buffers were 
prepared. Buffer conditions are shown in Figure 2.4. Gelatin or 
BSA was added to digests at 0.1mg/mi, and spermidine was added to 
medium and high salt digestions to concentration of 2mM. Digests 
were carried out in sterile eppendorf tubes at 37 0C, except for Taqi 
digests which were. done, at 65 0C. Small digests were usually done in 
1 hour with 3-10 times overdigestion. Where large quantities and 
numbers of genomic DNAs were to be digested, 0.5 of the enzyme 
required to digest in 1 hour was added, then tubes were incubated 
overnight to give 8-10x overdigestion. In these cases a 1/10 
aliquot of each digestion mix was removed to a separate tube, to 
which 200ng plasmid DNA was added. This aliquot was analysed on a 
gel the next day. Complete digestion could thus be confirmed by 
observing the correct pattern of plasmid bands. Where DNA was to be 
digested by two enzymes, if possible this was done in the same 
buffer simultaneously. If not, the enzyme requiring lowest ionic 
strength would be used first, then the buffer concentration was 
raised as required and the second enzyme was added. Reactions were 
stopped by freezing or addition of stop mix. 
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FIGURE 2.4. 
Concentration of ingredients used in restriction enzyme 
buffers. Includes low, medium and high standard Maniatis buffers 
and some special buffers. Figures show concentrations in final 
digestion mix, while stocks were prepared at lOx the figure shown. 
Tris MgC12 NaCl DTT 2 mercapto- 
ethanol 
KC1 pH 
High 50 10 100 1 0 0 7.5 
Medium 10 10 50 1 0 0 7.5 
Low 10 10 0 1 0 0 7.5 
BamHI 10 5 100 0 1 0 8.0 
EcoRl 100 10 50 0 0 0 7.5 
Asp718 6 6 75 0 6 0 8.0 
Smal 6 6 0 6 0 20 8.0 
Accl/Kpnl 6 6 6 6 0 0 7.5 
Xbal 6 6 50 0 0 0 7.9 
C, 
Calf intestinal alkaline phosphatase 
Calf intenstinal alkaline phos5hatase (CI?) removes the 5' 
terminal phosphate from 5' protruding DNA ends (Chacones and Van Der 
Sande, 1980). DNA treated thus cannot ligate to itself and can be 
kinase end labelled by addition of 32p labelled phosphate. Two 
units CI? was added to digested DNA. This was incubated at 37°C 30 
minutes. CI? was inactivated by incubation for 15 minutes at 65 0C 
in 50mM EGTA/0.1% SDS. DNA was cleaned by phenol, phenol/chloroform 
and chloroform extraction and ethanol precipitation. 
Blunt ending 3' recessed termini 
Kleinow enzyme is a sub unit of DNA polymerase 1. It has 5' to 
3' polymerase activity and 3' to 5' exonuclease activity, but lacks 
the 5!-3' exonuclease activity of DNA polymerase 1 (Jacobson et al, 
1974). Use of this enzyme to label DNA is described in Section 
2.13. Where DNA fragments with incompatible ends were to be joined, 
kleinow enzyme was used to blunt the DNA. The ends could then be 
joined by blunt end ligation. One unit kleinow enzyme was simply 
added to digested DNA in restriction enzyme buffer. The nucleotides 
required to fill the end were added to 0.1mM and the mix was 
incubated 15 minutes at room temperature. If necessary DNA was then 
cleaned by ethanol precipitation. 
Use of exonuclease III to delete DNA 
The reasonable limit for reading sequencing gels is 3-400bp. 
In order to read right through fragment 29C1 and further into 
fragment ThyB 4.2, it was necessary to generate deletions from one 
end so as to read new sequences. This was done (with limited 
success) by the method of Henicoff (1984). Plasmid clones were 
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digested with two enzymes to leave a linear DNA molecule with a 3' 
overhang on the vector end and a 5' overhang on the insert end. 
This DNA was dissolved in 66mM Tris, 0.66mM MgCl2 and incubated with 
excess of Exonuclease III (20jig DNA + 600u enzyme). Exolil degrades 
5' ends but 3' ends are protected. Aliquots were removed every 30 
seconds and stopped with 0.2M NaCl/5mM EDTA. These were heated to 
65 0C 10 minutes to destroy Exoill. DNA was precipitated then 
resuspended in nuclease Si buffer (0.25M NaCl, 30mM NaOAcpI4 4.6, 
1mM 2nSO4, 5% glycerol). Nuclease Sl degrades single stranded DNA 
and so removes any overhanging ends on the Exolil treated DNA. This 
was incubated 15 minutes at room temperature, stopped with 1/10 
volume 1M Tris/0.1M EDTA then iiquots were tested on a gel. 
Finally DNA was blunted with kleinow enzyme, ligated and used to 
transform cells. Colonies with useful deletions were selected from 
minipreps. 
e) T4 DNA ligase 
This enzyme catalyses the formation of phosphodiester bonds 
between adjacent 3' hydroxyl and 5' phosphate groups in DNA (Weiss 
et al, 1968). It can be used to join complementary overhanging ends 
of DNA, or, at much lower efficiency, blunt ends. Two dephosphory-
lated ends cannot be joined, and if one of the two ends is dephos-
phorylated this also reduces the reaction rate. To join adhesive 
ends <200ng DNA was incubated in lOiil of 66mM Tris-HC1 pH7.5, 5mM 
MgCl2, 1mM DTT, 1mM ATP, SOpg/ml BSA overnight at 150C with 1-2 
units ligase. To prevent self ligation of the vector, this could be 
phosphatased first, then put in excess of 2:1. Blunt end ligations 
were done at room temperature with higher concentrations of DNA and 
ligase to improve efficiency. 
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2.9. MAPPING BY PARTIAL DIGESTION OF END LABELLED DNA 
In order to map restriction sites in cloned DNA, plasmids were 
first linearised with an enzyme which cut only once, in the poly-
linker. Both ends were then labelled with kleinow enzyme and the 
appropriate radioactive nucleotide (see Section 2.8c). A second 
enzyme was then chosen, such that label from the plasmid end of the 
molecule was removed, leaving only label at the insert end. This 
enzyme might cut at a second site in the polylinker to the same side 
of the insert as the first cut, or it may cut on the opposite side, 
leaving separate insert and vector. Insert DNA labelled thus was 
purified by separation from the other labelled fragment on a 
preparative agarose gel (see Section 2.11a). A known amount of this 
DNA, diluted with unlabelled DNA if necessary, was incubated in the 
appropriate buffer with enzyme sufficient to complete digestion 
within 15 minutes. Aliquots of the mix were sampled at time zero 
and at 1, 2, 5, 15, 30 and 60 minutes. These were put on ice after 
EDTA was added to 20mM to stop the reaction. This was repeated for 
each enzyme of interest. DNA was precipitated, resuspended in TE, 
then analysed on agarose gels. Best partials were pooled from three 
timepoints, then partials for each enzyme were run side by side on a 
0.8% agarose gel and if necessary, a 3.5% acrylamide gel. These 
gels were fixed, dried down, then exposed to autoradiographic film. 
Thus each band corresponds to a site for an enzyme, and distance 
between bands estimates distance between sites. 
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2.10. PREPARATION OF AN L47/THYB HINDIII LIBRARY 
In a Hindill digest, ThyB was known to have a single 29Cl 
homologous band of about 17kb. This fragment was enriched for by 
size fractionation of ThyB Hindlil digested DNA on a sucrose density 
gradient. 	DNA was layered onto a 10-40% sucrose gradient made up 
in 1M NaCl, 20mM Tris pH8, 5mM EDTA. Tubes were centrifuged at 45K 
at 10 0C, then the gradient was fractionated into imi aliquots. DNA 
was precipitated twice to remove salt and sucrose, then aliquots 
were analysed by electrophoresis and Southern blotting to identify 
fractions of interest. 
L47 DNA was BamHI digested, phenol extracted, phosphatased, 
then Hindlil digested. This left two lambda 'arms' with Hindill 
ends which, without a central insert, were too small to package. 
The stuffer fragment removed from the middle had phosphatased BamHl 
ends and was thus unable to fill the gap. 5ig of 15kb HindlIl 
fragments from ThyB. This DNA was packaged into infectious phage 
virions using packaging mixes made by Dr. Howard Cooke, by the 
method of Hohn (1979). 300ng of the ligated DNA was added to 7jil 
buffer A (20mM Tris pH8, 3mM MgCl2, 1mM EDTA pH7, 5% v/v - 
mercaptoethanol), 1d buffer Ml (10mM Tris pH7.4, 30mM spermidine, 
60mM putrescene, 18mM MgCl2, 15mM ATP, 0.2% v/v/ f3-mercaptoethanol), 
ôpl SE and 10i.tl FTL. (see reference for preparation of these). This 
mix was incubated 1 hour at room temperature. Ten such mixes were 
prepared. These were pooled and diluted to 8mls with 5M at 0.5g/ml 
CsC1. Phage were then spun on a CsC1 step gradient made up in SM as 
in the lambda prep method (Section 2.5). This step removes toxic 
components of the packaging mix which reduce plating efficiency. 
However, in this protocol phage were not sufficiently numerous to be 
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seen as a band. The gradient was therefore fractionated into 0.5m1 
aliquots, each of which was titred to locate the phage band. Phage 
in CsC1/SM were stored at 40C. CsC1 in high concentration can also 
reduce plating efficiency of the phage, so a series of dilutions of 
phage to cells was titred. It was found that phage gave optimum 
titre provided the volume of phage/CsC1/SM added was less than 1/12 
of the volume of cells. 250.il phage were added to 5mls plating 
bacteria Q359 and incubated at 37 0C 20 minutes to allow phage to 
adsorb onto the cells. The mix was then added to 25m1s top agar and 
poured on 20cm x 20cm L agar plates. These were incubated at 37 0C 
overnight. DNA from the lambda plaques was bound to filters and 
screened by hybridisation to probe 29C1 (Sections 2.14 and 2.16). 
2.11. ELECTROPHORESIS OF DNA 
a) Agarose gel electrophoresis 
Agarose gels of between 0.2 and 2% Sigma agarose, or 4% NuSeive 
Agarose (ICN Biomedicals Ltd) were used. Small molecules were 
resolved best on high concentration gels and vice versa. Sigma 
agarose gels resolved fragments 0.5-30kb, while 4% NuSeive gels 
resolved fragments 30-500bp when run in TBE. Two types of gel were 
made, each in a variety of sizes as required. Upright gels were 2mm 
thick, prepared in glass tanks made by Duncan Fletcher. A plug of 
2% agarose, was poured, allowed to set, then molten agarose of the 
required concentration poured on top. Gels were run in E buffer 
which was recirculated from lower to upper tanks. These were cut 
from the box and stained 10 minutes in E buffer plus a drop of 
Ethidium Bromide (lomgs/ml). This dyes the DNA by intercalating 
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with it and fluoresces under UV light. 
Horizontal gels were run in Pharmacia tanks in TAE plus 
ethidium bromide. Thus DNA could be immediately visualised, then 
the gel could be allowed to run further. However these gels were 
found to give slightly poorer resolution. Denaturing gels were 
always horizontal. These were made in 30mM NaCl/lrnM EDTA then 
soaked 1 hour in 30mM NaOH/lmM EDTA. In these conditions DNA would 
run as a single strand without secondary structure. Before 
staining, gels were neutralised to allow Ethidium bromide to 
intercalate. 0.2% gels were also horizontal and were made set in a 
1% agarose surround for ease of handling. 
Samples were loaded in 1/10 volume stop mix. Orange G 
comigrates with 2-500bp DNA and so marks the migration front. High 
resolution gels were run at 1 v/cm, while quick gels were run at 
80v. Gels were photographed on a black perspex plate, illuminated 
from above by short wave (254nm) UV Mineralight lamps. A polaroid 
MP4 land camera was used, with a red filter. Kodak technical pan 
film was exposed 3 minutes then developed in Ilford Microphen 
developer. This was stopped in 5% acetic acid and fixed in Amfix. 
Alternatively radioactive gels could be fixed for 30 minutes in 7% 
TCA then dried down and exposed to X-ray film as with a probed 
filter. 
Preparative gels were run and stained as above, then visualised 
on a 300nm UV transilluminator to minimise DNA damage. DNA from Sea 
Plaque agarose (FMC Corporation) low melting point gels was simply 
cut from the gel, diluted 3 times with DH20, then boiled to melt the 
agarose. DNA from ordinary gels was cut out of the gel, electro-
eluted in TAE in a dialysis tube, then concentrated and cleaned by 
passing through an elutip-d rninicolumn. 
- 57 - 
b) Polyacrylamide gel electrophoresis 
3.5 and 5% polyacrylamide gels were used for analysis of 
fragments between 80-1000bp (Maniatis et al, 1982). Upright gels 
0.5mm thick were poured between siliconised glass plates with a comb 
set in the top. Upper and lower buffer tanks contained TBE which 
was circulated. Gels were 20-40cm long depending on resolution 
required. The required amount of 29:1 acrylamide to N1N-methyl-
biscacrylamide (30% stock) was added to lOx TBE and DH20 usually to 
50mls. To this 400t11 10% Ammonium persulphate was added, the mix 
was degassed, then 50111 TEMED was added. These two chemicals act as 
setting agents. Samples were loaded with 1/10 volume of poly-
acrylamide gel loading buffer (5% glycerol, 2.5% bromophenol blue, 
2.5% xylene cyanol). Gels were run at 5-10y/cm. Staining a 
photography was as for agarose gels, but the gel was left stuck to 
one glass plate for ease of handling. Radioactive gels were fixed 
in 10% methanol/10% glacial acetic acid for 10 minutes, then dried 
down on a vacuum gel dryer. These were exposed to X-ray film as 
with filters. 
A polyacrylamide gel of 12% in 7M urea and TBE (denaturing 
conditions) was used to purify a chemically synthesised 31bp 
oligomer. This gel was 1.5mm thick and was set and run as above. 
DNA was visualised by observing UV quenching on a fluorescent 
surface under UV lamps. The band was excised and eluted overnight 
at 37 0C in 0.5M NH40Ac, 0.01M MgOAc, 0.1mM EDTA. DNA was 
precipitated with 2 volumes ethanol. 
Sequencing gels were run on the biorad model 18 or Biorad 
Sequi-Gen sequencing cells. They were of the buffer gradient type 
(Biggin et al, 1983), and were 0.4mm x 30 cm x 50cm. Up to lOOmis 
light acrylamide (460g urea, lOOmis lOx TBE, lSOmls 40% acrylamide 
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[19:1 acrylamide to bis] made up to 1 litre with DH20) and 30mls 
heavy acrylamide (92g urea, 50mls lOx TBE, 30mls 40% acrylamide, lOg 
sucrose, 10mg bromophenol blue made up to 200mls with DH20) was 
aliquoted. To these 1.51i1/ml 25% ammonium persulphate and l.Sjil/ml 
TEMED were added. 5mls top was taken up into a 25m1 pipette then 
15-20mls bottom was underlayered, with some mixing of the interface, 
clearly visible because of the dye. This was poured, then the 
apparatus was filled to the top with top acrylamide. Thus the 
higher buffer concentration at the bottom leads to lower voltage 
across this part of the gel, so small molecules slow down as they 
reach it, while larger molecules continue to separate. Gels were 
prerun for an hour to allow them to stabilise at 55 0C. Samples were 
loaded in formamide dye mix (lOOmls formamide, 0.03g xylene cyanol, 
0.03g bromophenol blue, 0.75g Na2 EDTA). Boiling before loading, 
running temperature of the gel, and the presence of 7M urea all keep 
DNA denatured, so that mobility is simply a function of length. 
1500-2000 volts was applied as required to keep temperature at 55 0C. 
Gels were fixed in 10% methanol/10% glacial acetic acid for 5 
minutes, then dried on a vacuum gel dryer. Autoradiography was done 
at room temperature without preflash or screen so as to maximise 
resolution. 
c) Estimating DNA fragment size from mobility on a gel 
Approximate size could be obtained by comparing mobility of DNA 
bands on gels with markers of known sizes. Extensively used markers 
included lambda Hindlil and pAT153 Taqi. More accurate estimates 
were obtained using a computer programme based on method 5 of Elder 
and Southern, 1983. 'Local' reciprocal relationships were 
calculated for two sets of three points around the unknown band. 
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Thus two independent estimates were made and an average was taken. 
This method was accurate over a wide range of sizes, provided 
separation was carried out at low voltage. Error of around 0.5% can 
be expected, and is possibly the result of effects of base 
composition and sequence on electrophoretic mobility. 
2.12. TRANSFER OF DNA ONTO MEMBRANES 
a) DNA in agarose gels 
DNA in gels was fixed to membranes prior to hybridisation 
analysis by the method of Southern (1975). IN illumination during 
photography was sufficient to nick the DNA, necessary for transfer 
of larger molecules. Gels were denatured for 2x 20 minutes in 0.5M 
NaOH, 1.5M NaCl, then neutralised in 0.5M Tris HC1, 1.5M NaC1(pH5) 
for 2x 20 minutes. The gel was then placed on the wick of a 
blotting tray. Transfer medium was 20.SSC. Edges of the gel were 
surrounded by Nescofilm to prevent the blotting medium getting round 
the gel. A prewetted blotting membrane the size of the gel was 
layered carefully on top without trapping bubbles. Two layers of 
3MM were laid on top, then about 10cm of paper towels was weighted 
down on top of this. This was left overnight then the filter was 
removed and rinsed in 2(SSC. 
Three kinds of filters were used for Southerns. Early work 
used nitrocellulose filters (Schleicher and Schuell). Once blotted, 
DNA was fixed to these by baking 2 hours at 80 0C under vacuum. 
Later, Amersham Hybond-N was used. DNA was fixed to this by placing 
it DNA side down on cling, film on a 300nm IN transilluminator for 4 
minutes. Gelman biotrace was also used. This positively charged 
filter has an affinity for DNA in alkaline conditions. Blotting was 
therefore done without denaturing and neutralising the gel, with 
0.4M NaOH as the transfer medium. No fixing was necessary. 
b) Fixing lambda plague DNA onto nitrocellulose 
Replicas of plates were prepared by the method of Benton and 
Davies (1977). 20 x 20cm L agar plates were prepared with 105 
plaques as described in Section 2.9. These were chilled for 1 hour 
at 40C to allow the top agar to harden. A dry nitrocellulose filter 
was layered carefully on top without trapping bubbles, so that it 
came into direct contact with the plaques. Keying marks were made 
in filter and agar with ink, so that they could subsequently be 
realigned. After 1 minute the filter was carefully removed. It was 
placed for 1 minute DNA side up in denaturing solution, then for 
five minutes in neutralising solution. This was repeated with a 
second filter keying into the same marks with slightly longer on the 
plates. Filters were then air dried, baked under vacuum and probed 
as usual. 
2.13. RADIOACTIVE LABELLING OF DNA 
a) Nick translation 
Probes prepared during the early stages of this work were made 
by nick translation. E.coli polymerase 1 catalyses addition of 
nucleotides onto the 3' hydroxyl end of a double stranded nick. It 
also has 5' to 3' exonuclease activity. Thus removing 5' 
nucleotides and adding onto the 3' side, the enzyme can move along 
the DNA incorporating radiolabelled nucleotide (Rigby et al,1977; 
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Maniatis et al, 1982). 
bOng DNA was added to lOjil of 50mM Tris pH7.2, 10mM MgSO4, 
0.1mM DTT, 50ig/ml BSA, 0.1mM dATP, 0.1mM dGTP, 0.1mM TTP. 5 units 
DNA poll and 0.5111 of DNAasel (0.1)zg/ml) was added with mixing. The 
DNAase nicks the DNA. Finally, 20jiCi a- 32PdCTP was added and the 
tube was incubated at 15 0C 1 hour. The proportion of radioactive 
nucleotides incorporated was estimated by dotting a small aliquot of 
reaction mix onto a Whatman glass fibre filter and comparing counts 
before and after a 10% TCA wash. The probe was purified on a 
sephadex G-50 fine column, to remove unincorporated nucleotides. 
DNA molecules are excluded from the matrix and pass rapidly through, 
while single nucleotides are retained. This procedure was found to 
reduce background signal on filters after hybridisation. 
b) Random Primer labelling 
Nick translation is sensitive to contaminants found in agarose, 
and generally only labels DNA to 30-50% incorporation. Random 
primer labelling, or oligolabelling, is generally a less sensitive 
reaction and often goes to 80-90% incorporation (Feinberg and 
Vogelstein, 1983; Feinberg and Vogeistein, 1984). DNA is denatured 
then annealed to random hexonucleotides. These act a primers for 
kleinow enzyme (see Section 2.8) which constructs a complimentary 
strand from hot and cold nucleotides present. DNA to be used in 
this protocol was generally digested by appropriate restriction 
enzymes to separate it from the vector, then purified by separation 
on an agarose gel. DNA cut from low melting point agarose gels was 
simply boiled to denature it and added to the reaction mix. More 
usually such DNA was cut from ordinary agarose gels, electroeluted 
and purified on an elutip-d minicolurun. The chief ingredient, 5x 
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oligolabelling buffer (OLB) was made as follows. 
Solution 0 consists of 1.25M Tris HC1, 0.124M MgC12 at pH8. 
Solution A was made from imi solution 0, 18p1 2-mercaptoethanol, 
50i.xl dATE, 50111 dGTP, 50pl TTP (10mM in TE). Solution B is 2M 
Hepes, pH6.6. Solution C is a solution of hexanucleotides derived 
from DNAase 1 digestion of calf thymus DNA (Pharmacia) in TE at 90 
OD units/ml. 5x OLB was made by mixing solutions A, B and C in the 
ratio 10:25:15 respectively. For the labelling reaction 50mg DNA 
was boiled 3 minutes to denature, then added to 10.&l OLB, 2jil BSA 
(10mg/mi) 20pCi cx- 32P dCTP (5000Ci/nM), 2-5 units kleinow enzyme and 
DH20 to 50jil. This was incubated 0.5-1 hour at room temperature, 
then incorporation was tested and the radiolabelied DNA purified on 
a G-50 fine column. 
c) Labelling of minisateilite probes 
Families of small (30bp) repeats have been found to be 
scattered throughout the genomes of many mammals. Probes containing 
some of these repeats have been found to detect a band pattern 
unique in each individual and inherited in a Mendelian fashion 
(Jeffries et al, 1985a; Jeffries et al, 1985b). This is discussed 
in section 1.3. Single stranded M13 DNA containing such probes was 
obtained from Carlo De Angelis (CAPCU, Edinburgh). Probe 33.15 (see 
references) was labelled in a kleinow sequencing type reaction. 
0.5pg template was annealed to 1.25ng primer (as used for 
sequencing) in 10il of 20mM Tris, 20mM MgC12 for 2 hours at 
To the cooled mix, lOjil dNTP mix (0.1mM dATP, dGTP and TTP), 3 111 
(30iCi) a- 32PdCTP, and lj.tl (2-5u) kleinow enzyme. This was 
incubated 15 minutes at room temperature, then 0.5p1 0,5mM dCTP was 
added as a chase reaction. After a further 15 minutes at room 
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temperature, salt conditions were adjusted to those required by 
BamHI, enzyme was added and the mix incubated at 37 0C one hour. 
10il 1.5M NaOH, 100mM EDTA was then added to denature the DNA. The 
sample was electrophoresed in a 1.5% low melting point agarose 
denaturing gel (buffer 30mM NaOH, 1mM EDTA). A two minute 
autoradiograph revealed a smear, the bottom half of which was 
excised, boiled 5 minutes and added to the hybridisation mix. Thus 
radiolabelled probe was separated from unlabelled M13 DNA. 
Kleinow and labelling of 3' recessed ends 
This reaction is the same as that described in Section 2.8 for 
blunting 3' recessed ends. This is very simple as the reaction may 
be done without changing buffer or purifying DNA (Maniatis et al, 
1982). After digestion of DNA, 1 unit kleinow enzyme and 5pCi of 
the appropriate a- 32P dNTP was added. After 10 minutes at room 
temperature the mix could either be loaded directly onto a gel as a 
DNA size marker purified by precipitation, or purified by electro-
phoresis and excision from an agarose gel. 
Kinase end labelling of 5' ends 
Polynucleotide kinase transfers a phosphate from ATP to 5' ends 
of DNA strands (Richardson, 1965). This reaction can be used to 
transfer 32P labelled phosphate groups to 5' DNA ends (Chaconas and 
Van Der Sande, 1986). DNA with between 1-50 picomoles of 
dephosphorylated ends was added to lOOpmCi [- 32P] ATP (5000Ci/mM) 
and 10 units T4 polynucleotide kinase, in total volume 50il with 
50mM Tris, 10mM MgC12, 5mM DTT, 0.1mM spermidine and 0.1mM EDTA. 
This was incubated at 37 0C 30 minutes, then purified by ammonium 
acetate/isopropanol precipitation. 
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2.14. HYBRIDISATION ANALYSIS OF DNA HOMOLOGY 
Filters were hybridised at 68 0C overnight, either in tubes in a 
roller or in bags with constant agitation. 20mls hybridisation 
solution was used in bags, lOmls in tubes,. Probes prepared as 
described in the previous section were denatured by boiling 5 
minutes then added to hybridisation mixes at <lOng/ml and about 106 
counts/ml. Different prehybridisation, hybridisation and wash 
conditions were used for different types of filter. 
Early Southern blots and L47 plaque hybridisations used 
nitrocellulose filters (Schleicher and Schuell). These were 
prehybridised 1-2 hours in 5 SET (20x SET is 0.4M Tris pH7.8, 3M 
NaCl, 20mM EDTA) 5 Denhardt's, 0.lmg/ml denatured salmon sperm DNA, 
0.1% sodium pyrophosphate and 0.1% SDS. Hybridisation was in the 
same plus 10% dextran sulphate. Low stringency washes to remove 
background signal were done 3 times in 2SSC, 0.1% SDS, 0.1% NaPPi 
at 65 0C for twenty minutes. High stringency washes were the same 
with only 0.1 SSC. 
Later Southerns and colony hybridisatioris were done on Amersham 
Hybond-N Nylon filters. These were prehybridised 30 minutes in 7% 
SDS/0.5M NaPi buffer. Hybridisation was in a fresh batch of the 
same. Washes were done with nitrocellulose but without sodium 
pyrophosphate. These filters could easily be reused after a strip 
wash for 30 minutes in 2mM EDTA/0.1% SDS at 80 0C. 
Some Southerns were also done on Gelman Biotrace, a charged 
membrane with affinity for DNA. For this reason, high concentration 
of denatured salmon sperm DNA had to be used to compete against non-
specific binding of DNA to the filter. Prehybridisation was done 
for 0.5 hour at 68 0C in 1.5x SSC, 1% SDS, 0.5% blotto (powdered 
- 65 - 
milk solution equivalent to Denhardt's), 0.5mg/ml denatured salmon 
sperm DNA. Hybridisation was in the above plus 10% dextran 
sulphate. Three high stringency washes at 65 0C were done in 40mM 
NaPi buffer and 1% SDS. The filter could be strip washed as with 
Hybond-N. 
Filters or dried down gels were exposed to autoradiographic 
film in light sealed cassettes. Early work used Fuji RX film. This 
was preflashed, and, when high sensitivity was required, exposed at 
-700C with an Agfa-Gaevert intensifying screen (Laskey and Mills, 
1977). More recently, Kodak XAR5 high sensitivity film has been 
used, with intensification but without pref lashing. For improved 
resolution film was exposed without intensification at room 
temperature. Autoradiographs were developed in an Agfa-Gaevert 
automatic X-ray film processing machine, using G153 developer and 
E353 fixative. 
2.15. DNA SEQUENCING 
a) Enzyme sequencing 
Enzyme sequencing was done by the method of Sanger et al (1977) 
using kleinow enzyme (see section 2.8). Single stranded DNA is 
annealed to a primer which recognises a site on the 5' side of the 
polylinker into which'the sequence of interest is inserted. Kleinow 
enzyme is used to extend the primer by 5' to 3' polymerase activity. 
Four separate reactions are carried out. Each has the four dNTPs, 
one of which is radiolabelled. In each, there is also one dideoxy 
NTP. This acts as a chain terminator when ever it is incorporated, 
since no 3' OH group is available to form the next phosphodiester 
bond. Thus in each reaction nested sets of molecules are generated, 
terminating each time there is a nucleotide in the sequence 
corresponding to the ddNTP added to that reaction. These could then 
be resolved on thin polyacrylamide gels (Sanger and Coulson, 1978) 
as described in Section 2.11. 
Reactions mixes were made as follows: 
	
Deoxy mixes: 	TE 	0.5mM dCTP 	0.5mM dGTP 	0.5mM TTP 
A° mix 	20il 	20iil 	 201il 	 20.&l 
CO mix 	20pl 	 1i1 	 20pl 	 20.il 
G° mix 	20iil 	20jil 	 lMl 	 20pl 
TO mix 	20il 	20ji1 	 20j.tl 	 1jl 
Reaction mixes: 
A 	= 	40txl A° + 20jil 0.1mM ddATP 
C 	= 	40p1 CO + 20pl 0.1mM ddCTP 
G 	= 	40j.t1 G° + 20iil 0.1mM ddGTP 
T 	= 	40jil TO + 20il 0.1mM ddTTP 
lpl of M13 based DNA (pTZ or pEMBL) in ljil TE was added to 1 111 
primer, 1.5iil lOx sequencing buffer (100mM Tris pH8, 100mM MgCl2) 
and 7jil DH20. This mix was incubated 2 hours at 68 0C to anneal the 
primer. 1.5pl (15jiCi) 35 s dATP was then added, together with one 
unit kleinow enzyme. After mixing, 2.5jil of this was placed in 4 
marked reaction tubes. 2jil of the appropriate mix, A, C, G or T, 
was added, then tubes were incubated at 20 0C for 20 minutes. At 
this stage dATP is in short supply and limits chain elongation to 
only a few base pairs but with a high concentration of label 
incorporated. Next 2z1 of a chase mix (0.5mM of each dNTP) was 
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added, followed by a further 20 minutes at 20 0C. This allows chains 
to elongate to 400bp or more, but since most of the label is in the 
first few base pairs, chains of varying length should give similar 
radioactive signal. 4i1 formamide dye mix was then added. Samples 
were heated to 95 0C 2 minutes then loaded on a gel as described in 
Section 2.11. 
A protocol for reverse transcriptase sequencing (Biorad 
Bulletin 1205) was also used but this proved ineffective at 
analysing sequences inaccessible to kleinow. 
b) Chemical sequencing 
Chemical sequencing was done by the method of Maxam and Gilbert 
(1980). DNA is end labelled as described in Section 2.13, then 
modified in four different reactions, each of which modifies at a 
different base or bases. Modified bases are cleaved by a further 
chemical reaction, then labelled molecules are separated on thin 
polyacrylamide gels as with kleinow sequencing. 
About 4.tg labelled DNA plus 5pg carrier tRNA was dissolved in 
25il DH20. this was then split into four labelled tubes all at 
0°C:- 
G modification reaction: 	Sjil DNA + 200iil DMS Buffer (50mM 
sodium cacadolyte pH8, 1mM 
EDTA) 
G + A modification reaction: 7iil DNA + 10jil DH20 
C + T modification reaction: 7jd DNA + 10jil DH20 
C modification reaction: 	5iil DNA + 15il SM NaCl. 
2p1 piperidine formate buffer (IM) was added to the G+A mix, 
which was then incubated at 37 0C for 18 minutes. 0.5111 dimethyl 
sulphate was added to the G mix, then this was incubated for 2 
minutes at 20 0C. 30iil hydrazine was added to the C+T nd C mixes, 
which were then incubated for 5 minutes at 20 1C. The G reaction was 
stopped with 50iil DMS stop (1.5M NaOAc p117, 1M mercaptoethanol, 
lOOpg/ml tRNA) then 750il ethanol was added and the tube was 
chilled. 200jil hydrazine stop (0.3M NOAc, 0.1mM EDTA, 25jig/ml tRNA) 
was added to C, C+T and G+A reactions after appropriate incubation 
time, t'hen 750i1l ethanol was added to these. DNA was pelleted then 
resuspended in 0.3M NaOAc and precipitated again with ethanol. 
Pellets were washed with ethanol, dried, then resuspended in 1M 
piperidine. Tubes were inôubated 30 minutes at 90 0C. Samples were 
then removed to fresh, marked tubes, then lyophilised. First 
lyophilisation was for five hours, then samples were resuspended in 
50il DH20 and lyophilised again overnight. Finally DNA was 
resuspended in 40pl DH20 and lyophilised again for two hours. The 
pellet was resuspended in 80% formamide, 10mM NaOH with xylene 
cyanol and bromophenol blue. Before loading the sample-was 
incubated at 90 0C 2 minutes. This was then loaded on a sequencing 
gel as described in Section 2.11. 
CHAPTER THREE 
RESULTS 
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FIGURE 3.1. 
The first three sections of this Chapter refer to the 
characterisation, by sequencing and restriction mapping, of three 
DNA restriction fragments, each derived from different chromosomes, 
all known to contain homology to 29C1. This involved a series of 
cloning and subcloning exercises. The Table shown in Figure 3.1. 
lists the fragments used during these analyses, with their sizes and 
the vectors into which they were cloned. Also some indication is 
given of the fragments and cell lines from which they were derived. 
ThyB4.2 - 4.2kb 
A Pstl-Pstl subclone 
of ThyB17 in ptzl8 
PES 3.5 - 3.5kb 
An EcoRI-EcoRI sub-
fragment of A35 in 
ptzl8 
3.4kb Taqi-Taqi 	 1.7kb Pstl-Pstl sub- 
subfragment of ThyB4.2 	fragment of PES 3.5 in 
ptz 
FIGURE 3.1. Derivation of restriction fragments named in the text 
3E7 Y chromosome 
Cy29 	25kb 
(Cosmid pJB8) 
Subclones 	 29sC 5kb 
Cloned in EcoRI site 
of pUC9 
29C2 (1.1kb) Pstl sub-
29C4 (0.8kb) clones of 
29C1 (1.8kb) 29sC in 
29C3 (1.3kb) pUC9 
1.2kb Taql-Pstl) sub-
fragments in 	) clones 
in ptzl8 700bp ) of 
HaeIII fragment) 29C1 
in ptzl8 	) 






ThyB X chromosome 
	




(A L47 phage library 	(Cosmid pJB8) 
subcloned into pUC9) 
1.1kb HaeIII subf rag-
ment of the Pstl sub-
clone in ptz 18. 
0.95kb Accl-HaeIII 
subfragment of the 
HaeIII clone in ptzl8. 
Subclones are shown in order of derivation, so that the one below derived from the 
one above. Where a 'name' (such as Cy29 or ThyB17) is given first, this is simply 
the name by which the clone is referred to in the text. Where a size is given the 
clone is unnamed. 
3.1. ANALYSIS OF 29C1 
i) Restriction analysis of 29C1 
Cosmid Cy29 has been mapped with respect to SstII, EcoRI, 
Hindill and EcoRV sites. Also Pstl subclones 29C3, Cl, C4 and C2 
from the telomeric end of Cy29 have been mapped with respect to 
Mbol, Pstl, Hhal and HpaII sites. This work was carried out by 
Howard Cooke (Cooke et al, 1985) and is shown in Figure 3.5. 
Sites for TaqI, HaeIII and Alul in the 29C1 insert were mapped 
by partial digestion of end labelled DNA as described in Section 
2.9. The result is shown in Fig. 3.2. Some anomalous bands could 
be seen on gels with all time course samples. Unlike the real 
partial products these bands decreased in intensity as the reaction 
neared completion. Further, their sizes correspond with that of 
final digestion products, suggesting that some internal labelling of 
nicks has occurred. Specific anomalies are discussed in the Figure 
notes. A provisional map could thus be drawn. Sites surrounding 
large fragments were confirmed by visualising complete digests of 
the plasmid on gels and comparing with the pattern predicted (Fig. 
3.10). Finally, as sequence data became available, some additional 
amendments were made. The corrected map is shown in Figure 3.5. 
ii) Orientation of 29C1 relative to CY29 and the telomere 
In order to find orientation of sites in the 1.8kb 29C1 
fragment relative to the whole cosmid, CY29 DNA was digested with 
Taql then three separate tracks of this DNA were electrophoresed on 
a 0.8% agarose gel. Taql digested cosmid pJB8 was included as a 
marker. The gel was blotted, then the filter was cut into three 
pieces. One was probed with the 1.3kb Taql-Pstl fragment of 29Cl, 
one with 29C3 and one with 29C4. The 29C3 probe was found to detect 
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Notes for Figure 3.2. 
Partial digests of end labelled 29C1 with Taqi, HaeIII and Alul. 
Some bands were found to be internally labelled complete 
digestion products, since they did not disappear as the reaction 
neared completion and because they corresponded to the larger final 
digestion products. Also the Taqi and Alul partials have gone 
further towards completion than was intended, so that partial 
products higher up the gel are under represented. Within the 
fragment only one real Taqi site appeared to exist, giving a strong 
band at about 580bp. Weaker bands at 850, 1440 and 1800bp 
correspond to final digestions products and do not decline with 
time. Alul bands above 850bp become unreadable since the reaction 
had gone much too quickly. Map data for Alul in this region has 
been taken from the sequence. 
FIGURE 3.2. 
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Partial digests of end labelled 29C1JpUC9 clone. 
Agarose gel 0.8% 	 (1) Taql partial 
Polyacrylamide gel 3.5% 
	
	 (2) HaeIII partial 
(3) Alul partial 
the same fragment as the 1.3kb fragment from 29C1, (see Fig. 3.3). 
Therefore the 1.3kb Taql-Pstl fragment must overlap with the Taqi-
Taqi fragment detected by 29C3. 	From this experiment it is 
possible to conclude that the Taqi site in 29Cl lies towards the 
centromere side or towards 29C4. Sites can then be oriented 
accordingly. 
iii) Sequence data 
Comparing the 29Cl map with that of the ThyB 4.2kb subclone 
(Fig. 3.11), sequence to the centromeric side of the first TaqI site 
appeared to be the same in both. Variation in size therefore 
probably arose in sequences beyond that Taqi site towards the 
telomere. The 1.3kb Taqi-Pstl fragment from 29C1 was therefore 
subcloned in order to sequence it. First it was cloned into pTJC9 by 
blunting the overhanging ends and ligating into the Smal site in the 
polylinker. Attempts at kleinow sequencing of the double strand 
proved unsuccessful, though this technique has worked in some labs 
(Korneluk et al, 1935; Hattori and Sakaki, 1986). It was then 
subcloned into pEMBL. However, difficulties were still experienced, 
though some data was obtained. Finally the fragment was subcloned 
into pTZ18R. This gave yields of single stranded DNA sufficient to 
purify by phenol extraction and lithium chloride precipitation. 
Kleinow sequencing from the ends of the molecule was successful. In 
order to obtain internal sequence, DNA was deleted by the method of 
Henicoff et al, 1984. However, in spite of repeated checks for 
solutions contaminated with nucleases, DNA appeared to degrade 
during exonuclease SI and Kleinow steps. Out of some 250 minipreps 
only two proved to contain usable deleted molecules. Other apparent 
deletions when sequenced were found to be fragments of pTZI8 or 
insert DNA ligated back into whole plasmid in variously rearranged 





























Taqi digested cosmid CY29 run with gH3 and pAT153 Taqi markers to 
left and pJB8 Tag to right 	3 copies of same, probed with 
A - 29C1 	B - 29C3 	 C - 29C4 
forms. Therefore only deletions the sequence of which could be 
overlapped with sequences of restriction fragments could be relied 
upon. In addition to the two usable deletions isolated, the 650bp 
HaeIII fragment from within the Taql-Pstl fragment was subcloned 
into pTZI8 so that its ends could be sequenced. Difficulties with 
enzymic sequencing continued probably due to the composition of the 
sequence (discussed in Section 3.4), until chemical sequencing was 
adopted. Though more time consuming, this method proved reliable. 
Thus from the ends of the Taql-Pstl subclone, the HaeIII-HaeIII 
subclone and the two deletions, the entire sequence of one strand 
was obtained. Sequence reads from centromere to telomere, as 
follows. 
- 73 - 
$ TYPE CFIF.MAP 
(Linear) MAP of: Cfi.Seq29cl check: 9986 from: 1 to: 1330 
sequence is a 1.3kb subclone off 29c1,a 1.9kb fragment derived from 
3e7,a y-only hybrid.subclone was a taq/pst fragment blunt ended into 
ptzl8 & 19 at sma site.sequence reads such that top strand is what 
you would see looking in from ptzl8 annealing site by kleinow sequencrj 
With 136 enzymes: * 
October 19, 1987 12:14 
	
S 	S 
S 	 A Na Aa 
B Ma D AS 	H 	M 	D 	vMFAlu M vu S 
1 nu p ye p n d aniva9 n a9 e 
n 	13 n ac 	h 	1 	e 	IlnaIô 1 16 c 
I IA I II I I I IIIIV1 I II I 
CGAGGTGATCCCGAGGGAAGGAGCGGGGGTCTGAGGGTGGTCCCGAGAGGACCGAGGGGT 
1 ---------+---------+---------+-------------------+---------+ 60 
GCTCCACTAGGGCTCCCTTCCTCGCCCCCAGACTCCCACCAGGGCTCTCCTGGCTCCCCA 
SH 	 S 	F 
T 	 aa N 	AD N2a n 
M a N ueMA1S vrFGMlpPu 	u 
n q 	 n 91nvae 	aaisnaus9 4 
1 I 1 6IlaIc IInulIMsô 	H 
I I 	 I Illivi 	Ililivill I 
GGAGCGGGGGGAGGGTCTGGAGATGGCCCCGAGGAGGTCCCGATAGGAGGAGCGGCAGTC 
61 ---------+---------+---------+---------+---------+---------+ 120 
CCTCGCCCCCCTCCCAGACCTCTACCGGGGCTCCTCCAGGGCTATCCTCCTCGCCGTCAG 
H N 
MgB1S 	 b 
nia a e 0 
lCnIc 	 I 
III vi . I 
TGGGGGTGGTGCCGAGGGAAGAAGCCGTCTGGTGTGGTCTGGAAAATGGGAGCAGGGGGT 
121 ---------+---------+---------+---------+---------+---------+ 180 
ACCCCCACCACGGCTCCCTTCTTCGGCAGACCACACCAGACCTTTTACCCTCGTCCCCCA 
S 	 S 
Aa N 	 Aa N 
M vuFANlS M vuFAM1S 
n a9ivnae 	 n a9ivnae 
1 I6nallc 1 I6nalIc 
I Ililivi 	 I Illilvi 
CTGGGGTGGTCCCGAGGGGAGGAGCGGGGGTCTGGGGTGGTCCCGAGGGGAGGAGCGGGG 
181 ---------+---------+---------+---------+---------+---------+ 240 
GACCCCACCAGGGCTCCCCTCCTCGCCCCCAGACCCCACCAGGGCTCCCCTCCTCGCCCC 
S 	 S 
Aa N 	 Aa N 	 T 
M vuFAM1S M vuFAM1S Aa 
n a9ivnae 	 n a9ivnae 	 lq 
1 Iônallc 1 I6nalIc ul 
I IIIIIV1 	 I IIIIIVI 	 II 
GTCTGGGGTGGTCCCGAGGGGAGGAGCGGGGGTCTGGGGTGGTCCCGAGGGGAGGAGCTG 
241 ---------+---------+---------+---------+---------+---------+ 300 
CAGACCCCACCAGGGCTCCCCTCCTCGCCCCCAGACCCCACCAGGGCTCCCCTCCTCGAC 
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S 	 S 
	
AaN A  
vuF1DSM 	 vMuMD 
a9iasen an9nd 
I6nIacl 	 1161e 
IlIvill 11111 
I/I 	 II 
GGGGTTCTGGGTGTGGTCCCGTGGGTAGGAGGGGGGGTCTGGGGTGGTCCTGAGGAGG 
301 ---------+---------+---------+---------+---------+---------+ 360 
CCCCAAGACCCACACCAGGGCACCCATCCTCCCCCCCAGACCCCACCAGGATTCTCCTCC 
S 	 S 
Aa N 	 AaN 
MvuFMJ. MvuF1M 
na9ina 	 na9ian 
116n11 116n1]. 





S 	 S 
A N 	 Aa N 
M vuFAM1S M vuFAM1S 
n a9ivnae 	 n a9ivnae 
1 I6nalIc 1 I6nalIc 
I Illilvi 	 I lilhivi 
AGGAGCGGGGGTCTGGGGTGGTCCCGAGGGGAGGAGCGGGGGTCTGGGGGTGGTCCCGAG 
421 ---------+---------+---------+---------+ + + 480 
TCCTCGCCCCCAGACCCCACCAGGGCTCCCCTCCTCGCCCCCAGACCCCCACCAGGGCTC 
S 	 S 
Aa N 	 T 	 AaN 
M vuFAM1S Aa vuFl 
n a9ivnae 	lq 	 a9ia 
1 I6nalIc ul 16n1 
I lihlivi 	 II 	 lily 
GGGAGGAGCGGGGGTCTGGGGTGGTCCCGAGGGGAGGAGCTGGGGGTTCTGGGTGTGGTC 
481 ---------+---------+---------+---------+ + + 540 
CCCTCCTCGCCCCCAGACCCCACCAGGGCTCCCCTCCTCGACCCCCGACCCACACCAG 
N 
A 	 iN 
DSM 	 vMuMD F 	 as 
sen an9nd 	o Ip 
acl 	 I161e k 	 Ui 
III 11111 	I II 
CCGTGGGTAGGAGGGGGGGTCTGGGGATGGTCCTGAGGAGGAGCGGGGGTCTGCATGT 




a 	o  
I 3 n 
I 	II 
GGTTTTCAGGGGTGGAGCATGGGGTCTCCCTGTGGTTCGGAGGGTGGAGCAGGGGGTCTG 




Ho 	 S 
i4 AaH N 	 S 
R 	 F 	n7Ha 	 vu 	1 a 
s I PIhe a9 a 	 u 
a 	 n 	hal 	 161 	I 3 






S 	 S  
ADNPaS a  
D 	vrlBpPuaD 	 ueM 	 H 
p aaaius9 u p 9 In n 
n 	IIInNs63n 	 611 	 1 
	
I IIV1II1AI III I 
I//Il 
GATCTGGGGGTCCTTGTGATCCTGACGGCGGGCCAGATGGGAGGGTCGGTGAGGGG 
721 ---------+---------+---------+---------+---------+---------+ 780 
CTAGACCCCCAGGAACACTAGGACTGCCGCCCGGTCTACCCTCCCAGTTCCACTCCCTTC 
F 	SE 	 H 
n AacNBS S 	 a 
H 	U A vuFolBscSSs F 	e 
p 4 1 a9iRabtreeo 	 o I 
h 	H u IônIIvNFccI k 	I 
I I I 	IlIlvIllIll 	 I I 
GAAGGAGTGGCAGCTTGGTCCCAGGGAGCAGGGGGTTTGTGGTTCAGTTCTGATGTG 
781 ---------+---------+---------+---------+ + + 840 
CTTCCTCACCGTCGAACCAGGGTCCCTCGTCCTTTCCCACACCGTCGACTACAC 
H 
H 	 B a 	AD  
D i H 	sCBHe B vrFl 
d n 	n pfaal 	b aala 
e 	f 1 	HrleI V Ilni 







pPu Au 	SS 	M 	 H 	 G 
us9 	14 et n n s 
Ms6 uH 	cy 	1 	 1 	 u 
III 	II II I I I 
I/I / 
CCAGTAGCTGCCTTCCTTGGCTGTCCTTGAGGCTCACTGGAGGATACTTCTTTTTCATTC 
901 ---------+---------+---------+---------+---------+---------+ 960 
GGTCATCGACGGAAGGAACCGACAGGAACTCCGAGTGACCTCCTATGAAGAAAGTAAG 
F 
H 	 BS 	 n 
Db gaDhD B 	 Au 	 B 
ro 	 lupodb 14 i 
al I3nIev 	 uH 	 fl 
II 	 IAI1I I 
/ II 
TGGCAAATTTTAAAAAATTCTTCTATAGATCTCAGTGAGTTCAAAGCTGCCTGTGTGCAG 
961 ---------+---------+---------+---------+ + + 1020 
ACCGTTTAAAATTTTTTAAGAAGATATCTAGAGTCACTCAAGTTTCGACGGACACACGTC 
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sx 	 - 
ahD DE A 	M 
uop 	 ds 1 a 
31n ep u 	e 
All 	 II I I 
GCATAGATCCGTTCTTTGCTGAGCTTCCACTCTAGTCGGCTGAAAGGAAAGGGTAATATA 
1021 ---------+---------+---------+---------+---------+---------+ 1080 
CGTATCTAGGCAAGAAACGACTCGAAGGTGAGATCAGCCGACTTTCCTTTCCCATTATAT 
E 
cBSS 	 H 
A 	 oSscsM iH 	 D 
1 Retron 	 np d 
u 	 IcNFI1 fh 	 e 
I 11111 I 	 II I 
II 
GCTGGAAAAGGTATCCTGGGGTGATTAGAGGATTCTACATTTCATCTTAGAGGGATAT 
1081 ---------+---------+---------+---------+---------+---------+ 1140 
CGACCTTTTCCATAGGACCCCACTAATCTCCTAAGATGTAAAGTAGAATCTTTCCCTATA 
E 	 A 	E 
c SX 	 s cSBS 
o 	 B 	ahD M 	p 	ossc 
3 i uop 	 n 7 Rotr 
1 	 n 	31 1 	0 	IINF 




1141 ---------+---------+---------+---------+---------+---------+ 1200 
ACTGTCCTCTGGTCTTGAAGGTCTAGGAGAACTTAGTTCTTGATGAAGGTTCGGACCT 
H 
a 	 HP 
H 	 HeS H 	 am 
n alt 	n ea 
1 	 elu 1 	 IC 
I III 	I II 
II 
CAATATCGGGAGGCCTCATCTCTACAAAATAAAAATTAAGAAATTCGCCACGTGCGATGG 
1201 ---------+---------+ ---------+---------+---------+ + 1260 
GTTATAGCCCTCCGGAGTAGAGATGTTTTATTTTTAATTCTTTAAGCGGTGCACGCTACC 
S 	M 	H 
F 	M 	N 	D 	 aDG 	bA M  
I n n d ups ci 	nn 
n 	1 	1 	e 	 3 n 	lu if 
I I I I All II 	II 
CACACTCcTGTAGTcCCAcCTACTcTGGAGGcTGAGGcGGGAAGATCGCTTGAGCTTGGG 











Enzymes that do cut: 
Alul Asp700 Aval Avail BalI BanI BbvI BglII 
BinI BspMI BstNI Cf rI DdeI DpnI Dral Drall 
DsaI Eco3lI Eco47111 EcoRli EspI FinI Fnu4HI FokI 
GsuI HaeI HaeII HaeIII HgiCI HhaI HinfI HinPil 
HpaII HphI MaeI MaeII MaeIII MboII MnlI Nialli 
N1aIV NspHI PmaCI PpuMI PssI RsaI Sau3A Sau96I 
ScrFI SecI SsoII Stul Styl Taqil XhoII 
Enzymes that do not cut: 
AatII AccI Aflil Aflill Ahail AocI Apal ApaLI 
Asp718 Asuil AvrII BamHI Banil BbeI BbvII BclI 
BglI BsmI Bsp1286 BspHI BspMII BssHII BstEII BstXI 
CfrlOI Clal Dralli Eco57I Eco781 EcoRI EcoRV FspI 
GdiII HgaI HgiAI HgiEII HincIl Hindlil HpaI KpnI 
Mliii MmeI NaeI Marl Mcii NcoI NdeI NheI 
NotI NruI NsiI NspBII Pf1MI PstI PvuI PvuII 
RsrII SacI Sacil Sail Scal Scil SfaNI Sf11 
Smal Snal SnaBI Spel SphI SplI SspI TaqI 
ThaI TthlllI TthllIII XbaI XhoI XmaI XmaIII 
$ 
Esc-chr: A] 	help: A]7 	port:l speed: 9600 parity:none echo:rem VTI02 	PRN 
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From sequencing data 12 copies of an imperfect 31bp repeat can 
be seen, surrounded by declining homology to the repeat. The repeat 
structure can be visualised using a dot plot produced by a computer 
(Collins and Coulson, 1987) as in Fig. 3.4. This technique 
generates a rectangular array of dots, each of which represents a 
predetermined level of match between one portion (a window) of a 
sequence and a portion of the same size from another or the same 
ri 
sequence. 	In this case the x and y axes of the array may be 
thought of as linear representations of the sequence. The array is 
a square and the in register perfect homology appears as a 
continuous diagonal (a series of dots). Repeats are seen as out of 
register homologies, which appear.as  lines of dots parallel to the 
diagonal. The plot is symmetrical about the diagonal, so only one 
half of the square is drawn. 
This sequence data, together with information from partial and 
total digests was used to compile the map shown in Figure 3.5. 
The repeat illustrated by the dot plot was found to be homo-
logous to repeats in telomeric ThyB X chromosome fragments and in 
telomeric PES Y chromosome fragments, discussed in Sections 3.2 and 
3.3. Composition of this repeat and its homology to other sequences 
is discussed in Section 3.4. 
In a Pstl digest probed with 29C1, 3E7 DNA contains a second 
29Cl homologous band of about 1.3kb (Fig. 3.6). 3E7 contains 
multiple Y chromosomes, since the human parental cell line was of a 
normal male. In a Hindlil digest, 29Cl homology lies in 15kb and 
6kb bands (Fig. 3.38). From known sites on the Cy29 map, the 29C1 
block must derive from the 15kb HindlIl fragment, placing a Hindlil 
site about 2kb distal to CY29. The second block must be distal to 
29C1 since all 29C1 homology lies beyond the last BamHl site, 
- 79 - 













cfi.seq29cl ck: 9986, 1 t 1330 
-500 
--0 
LEGEND TO FIG. 3.5 
The positioning of sites for enzymes EcoRI, Hindlil, BamHI, and 
SstII in cosmid CY29, and its location relative to centromere and 
telomere were the work of Howard Cooke. Also Dr. Cooke placed sites 
for Mbol, Pstl, Hhal and HpaII on EcoRI subclone 29sC, though sites 
for these enzymes in the 29C1 fragment were modified in the light of 
sequencing data. Sites for Alul, HaeIII and Taqi were placed on 
29C1 from partial digest data shown in Fig. 3.1. This data above 
was however considered unreliable towards the telomeric end of the 
fragment, due to internal labelling problems discussed in the text, 
and due also to poor resolution in the upper region of the gel. 
Therefore, the map has been modified in the light of fragment 
patterns in complete digests (Fig. 3.9) and sequence data. The Acci 
site was placed by observation of the complete digest pattern with 
this enzyme (data not shown). 
.Th 
® Map of 29sC, subclone of cosmid 
CY29. By Howard Cooke with 
some recent amendments. 
® Map of 29 C1.Derived from 
partial digests expts. complete 
digests and sequence data 
(see text) 














Y HROMOSOME TELOMERE FROM 3E7 
(man - mouse hybrid cell line containing multiple Y chromosomes) 
CY29 
4 
Some sites on the 3E7 telomere. 	 EW W 1d W BHd E E BESS EM 	 TELOMERE 





p Hp HP Mr 	 p 
29C2 29C4 	29C1 	29C3 
44 
non Iymoq*dc polynuplic 	repetifive 
1.3kblaql . Psi l subclone \ 
650 bp Mae III. Rae Ill subclone 	
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P M 	Ac FO M IjTiI 	El,  PtM M N N 
H A 	HH H 	A 	EbHA HAAAA H A 
Sequence identical 	200 bp of sequence 
to ceniromeric side 	I 90% homologous to 
of Thy B repeat block I 	sequence on telommlc 
y side of Thy B repeal block. 
12 x31 bp repeats. 





immediately proximal to the 29sC EcoRI fragment 
3.2. ANALYSIS OF THYB4.2 
i) Cloning of a 29C1 homologous Hindill fragment in ThyB 
Cell line ThyB is a mouse-human hybrid with the human X as the 
only cytologically detectable human chromosome. Cooke et al (1985) 
showed that 29C1 detected a single band of 7kb in size in EcoRI 
digests of ThyB DNA and a single band of 4kb in size in Pstl 
digests. In a Hindill digest of the same DNA, 29C1 homology resided 
in a 17kb fragment. So unlike 3E7 j this suggested a single repeat 
block homologous to 29C1 on the X chromosome in ThyB. The 17kb 
Hindill restriction fragment was also of interest because it 
appeared to terminate close to the telomere (Howard Cooke, 
unpublished data) and so might constitute a one step 'walk' towards 
the chromosome end. 
A size fractionated ThyB DNA library was therefore prepared 
from which it could be cloned, as described in Section 2.9. After 
plating on E.coli strain Q359 and screening plaques with a 29C1 
probe, 17 clearly duplicating positives were obtained. Areas around 
ten of these were picked, phage were plated and again screened with 
29C1. This round of plaques, supposedly enriched for the 29Cl 
homologous sequences, only yielded 10 duplicating positive plaques 
from 7 of the 10 plates. Individual plaques were picked from these, 
plated and screened. Three of the 7 gave all plaques positive for 
29C1 homology, 3 gave nothing and one gave a single positive 
duplicating plaque. This was picked, plated and found to give all 
plaques positive for 29C1 homology. Thus after 4 rounds of 
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selection, plaques derived from only 3 of the original 10 positives 
selected gave stably positive plaques. 
DNA from these clones (BI, B3 and B4) was digested with Hindill 
and Psl-t electrophoresed, blotted and probed with 29C1 (Figs. 3.7 
and 3.6). In one of the three clones, the Hindill band was about 
15kb and the Pstl band was 1.5kb. In the other two a smear between 
15 and 17kb was obtained in a HiñdIII digest. In a Pstl digest of 
these, a 4kb band could be seen but also there were a series of 
lower bands in non-molar ratios, down to as low as 1kb (Figs. 3.6 
and 3.7). Clearly the sequence in the 4.2kb Pstl fragment was 
unstable and was deleting, giving rise to subpopulations of phage 
with varying sizes of insert. The stable 1.5kb form found in the 
other phage preparation was probably also a deleted clone which had 
stabilised at a size substantially below that of the genornic Pstl 
fragment. The difficulty in cloning the sequence from the lambda 
library might also be accounted for by such instability. Subsequent 
sequence analysis of a region of the 4.2kb Pstl restriction fragment 
has revealed a block of minisatellite type repeats. Such sequences 
have often proved difficult to clone, presumably as a result of 
their repeated structure (for example, see Hieter et al, 1981 and 
Capon et al, 1983). 
In an attempt to clone the undeleted form of the 17kb HindIII 
fragment, the library was again plated and screened, this time on 
E.coli strain DL282, a rec BC sbcB cell line. A cell line of this 
genotype has been shown to allow growth of phage which fail to grow 
on rec+ strains (Wyman et al, 1985). The same reference states that 
discrepancies in size between cloned and geiiomic mammalian sequences 
can be the result of deletions during cloning, and that only some of 
these deletions can be prevented by growth on a recA host. 











Tracks: 1) lOng 29C1 DNA + 5ig total mouse DNA, Pstl digested 
5.ig 3E7 DNA Pstl digested 
5pg ThyB DNA Pstl digested 
lOjig 	clones Bi, B3 and B4 (see text) + 5.tg total 
 
mouse DNA, Pstl digested 
lOng lG DNA (see text) + 5pg total mouse DNA, Pstl 
digested 
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Tracks 	1) clone Bi Hindill dig ested 
2) clone B3 HindlIl digested 
3) clone B4 Hindill digested 
4) clone BI Esti 	digested 
5) clone B3 Pstl 	digested 
The filter was probed with 29Cl 
However, once again after 3 rounds of selection, only 2 of the 
original 4 positive spots picked gave plaques with 29Cl homology. 
When DNA from these clones (1G and 2G) was restricted with Pstl and 
probed with 29C1, both were found to be deleted forms with smaller 
29C1 homologous Pstl fragments than could be seen in genomic DNA 
from the ThyB cell line (IG is shown in Fig. 3.6). 
p 
Using DNA from preparations of the clones in Q359, Howard Cooke 
was able to clone the 17kb HindIll fragment into a plasmid. The, 
undeleted 17kb fragment was cut from an agarose gel to separate it 
from deleted fragments, then ligated into pTJC9, where, it appeared to 
be stable. The 29C1 homologous Pati fragment from this plasmid 
named ThyB 17, is the same else as that seen in a Pstl blot of ThyB 
DNA. This does not rule out a possibility of some rearrangement of 
sequence in cloning, but it Would strongly suggest that this is 
indeed the original fragment.. 
ii) Restriction analysis of ThyB17 
When restricted with Bamifi, the 17kb insert of ThyB17 was found 
to be cut to 7kb and 10kb fragments, suggesting only one site for 
this enzyme. To map other sites in this clone, DNA was Hindlil 
digested, endlabelled with ICleinow enzyme and [32P]dATP, then BamHl 
digested. 	DNA was separated on a gel, then the 7kb and 10kb bands 
were excised and electro-eluted. Partial digests of each fragment 
were carried out with enzymes Acci and Pstl, as described in Section 
2.9 and these are shown in Fig. 3.8. From this data sites for Acci 
and Pstl, and distances between them can be computed using the DNA 
size programme described in section 2.11. Thus a map was 
constructed (Fig. 3.11). From complete digest data an EcoRV site 
was also placed. 	In addition, by blotting a Pstl digest and 
probing with 29C1, it became obvious that the 4.2kb Pstl fragment 
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0.315 -  
0.141 - * 
Tracks 1) 7kb HindIII-BamHI fragment from ThyB17, labelled at the 
Hindlil end and partially digested with Acci. 
7kb HindIII-BamHI fragment from ThyB17, labelled at the 
Hindlil end and partially digested with Pstl. 
10kb HindIII-Bam}1I fragment from ThyB17, labelled at the 
Hindlil end and partially digested with Acci. 
10kb HindIII-BamHI fragment from ThyB17, labelled at the 
Hindlil end and partially digested with Pstl. 
within the 10kb BamHI-HindIII fragment contained the 29C1 homologous 
sequence. 	29Cl homology was known to lie beyond the last BamHl 
site, since 29C1 detects a smear in BamHl restricted ThyB DNA. This 
then orients the map with the BamHl site slightly to the centromeric 
side of the 17kb Hindul fragment, while 29Cl homology lies closer 
to the telomere. 
iii) Restriction analysis of ThyB 4.2 
The 4.2kb 29C1 homologous Petl fragment was subcloned into 
pUC9. Complete digests placed two Taqi cites and one Acci site. No 
sites for Xbal, Kpnl, Sac!, Smal, Sail, EcoRI, Pstl, BamHI or 
Hindill were found within the insert. The placing of an Accl site 
orientated the fragment relative to the map of ThyB17. The plasmid 
was BamHI digested, ECORI digested then end labelled with [ 32P]dATP, 
which only labelled the EcoRl end, Partial digests were prepared as 
described in Section 2.9 for Taql, HaoIII and Alul (Fig. 3.9). 
Unfortunately, since label was attached to the plasmid end of the 
molecule, the bands of interest are in the middle section of the 
gel, between 7.1 and 2.9kb, with poor resolution particularly over 
the region to the centromerie side of the fragment. Nevertheless, a 
provisional map was drawn (Fig. 3.11). The resultant map was 
consistent with complete digests of ThyB 4.2 with HaeIII and Alul 
(Fig. 3.10). The 3.2kb HaeIII fragment is clearly visible in a 
complete digest. Also a 500bp Alul fragment in common with 29C1 and 
a 700bp Alul band which mapped to the telomeric side of that, not 
shared with 29C1, can be seen. Thus three (see map in Fig. 3.11) 
Alul sites and two HaeIII sites are confirmed. All sites confirmed 
in the 1kb to the centromeric side of ThyB 4.2 are identical to 
these in 29C1. Sites found in this region in 29C1 but not confirmed 
in ThyB 4.2 are therefore probably not visible in the partial gel of 















Linearised, end labelled ThyB 4.2 
Linearised, end labelled ThyB 4.2, partially digested with TaqI 
Linearised, end labelled ThyB 4.2, partially digested with HaeIII 
















Tracks 1) ThyB4.2 Alul digested 
29C1 Alul digested 
ThyB4.2 HaeIII digested 
29C1 HaeIII digested 
ThyB 4.2 due to poor resolution in this region of the gel, and so 
are inserted in the ThyB. 4.2 map (Fig. 3.11) in brackets. 
iv) Sequencing data 
Problems experienced in 29C1 sequencing were again evident. 
Sequence data finally obtained covers 520bp to the centromeric side 
of the Taqi-Taqi subfragment of ThyB 4.2 and 450bp to the telomeric 
side. From the telomeric end a single long run of, a Maxam-Gilbert 
reaction mix was used. From the centromeric end,-data was obtained 
by both Sanger and Maxam-Gilbert sequencing of the Taql-Taql sub- 
fragment and of two Hen iAff deletion clones of it. These deletions 	' 
were obtained only after difficulties similar to those described 
previously. The sequence reads from centromere to telomere, as 
follows. Composition and similarity to other sequences are 
discussed in Section 3.4. 
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'(Linear) MAP of: Thyb.Seq check: 5851 	from: 1 to: 519 
eENTROMERIC SEQ FROM TELOMERE OF THY B X-ONLY CELL LINE 
With 136 enzymes: * 
October 28, 1987 	14:44 
	
S 	S 
S 	 A 	Na Aa 
B 	Ma D AS 	H 	 M 	D 	vMFA1u M vu S 
i flu p ye p n d aniva9 n a9 e 
n 	13 n ac 	h 	 1 	e 	IlnaI6 1 16 c 
I IA I II I -I I IIIIVI I 	II I 
I/I / 
CGAGGTGATCCCGAGGGAAGGAGCGGGGGTCTGAGGGTGGTCCCGAGAGGACCGAGGGGT 
1 ---------+ ---------+ ----------+ ---------+ ---------+ ---------+ 6 
GCTCCACTAGGGCTCCCTTCCTCGCCCCCAGACTCCCACCAGGGCTCTCCTGGCTCCCCA 
SH 	 S 	 F 
T 	 aa N 	AD 	NP n 
H a - 	H ueMA1S vrFGMlpPu 	 u 	- 
n q 	 n 91'nvae 	aaisnaus9- 4 
1 I I 6IlaIc IInulIMsÔ 	 H 
I I 	 I IIIIVI 	III1IVIII I 
GGAGCGGGGGGAGGGTCTGGAGATGGCCCCGAGGAGGTCCCGATAGGAGGAGCGGCAGTT 
61 ---------+ ---------+ ---------+ ---------+ ---------+ ----------+ 12 
CCTCGCCCCCCTCCCAGACCTCTACCGGGGCTCCTCCAGGGCTATCCTCCTCGCCGTCAA 
H N 
MgB 1 S 	 b 
nia a e o 
lCn I c 	 I 	- 
III V I I 
CTGGGGGTGGTGCCGAGGGAAGAAGCCGTCTGGTGTGGTCTGGAAAATGGGAGCAGGGGG 
121 ------------------------------------------------------------ 18 
GACCCCCACCACGGCTCCCTTCTTCGGCAGACCACACCAGACCTTTTACCCTCGTCCCCC 
S 	 FN 	 S 
Aa N 	 n Aa 	N 	 T 
H vuFA1S u p H 	DB 	M vuFAM1S Aa 
n a9ivae 	 4 B n db n a9ivnae 	 lq 
1 I6naIc H I 1 	ev 	1 I6nalIc ul 
I Illivi 	 I I I II I Illilvi 	 II 
TCTGGGGTGGTCCCGAGGGGAGCAGCGGGGGTCTGAGGTGGTCCCGAGGGGAGGAGCTGG 
181 ------------------------------------------------------------ 24 
AGACCCCACCAGGGCTCCCCTCGTCGCCCCCAGACTCCACCAGGGCTCCCCTCCTCGACC 
S 	 S 
AaN A  
vuF1DSM 	 vMuMD 	F 
a9iasen an9nd o 
I6nIacl 	 1161e 	k 
IlivIll 11111 I 
GGGTTCT GGGT GTGGTC C C GTGGG TAG GAGGGGGGGT C TG GG GATGGTC C TAAGA G GAG G 
241 ------------------------------------------------------------ 30 
C CCAAGAC CCACAC CAGGGCAC CCATCCTC C C C CC CAGACC CC TACCAGGATT CTC C TC C 
Aa 	N 	 Aa 	N 
M 	P 	M vuFAM1S H 	D 	H vuFAM1S 
n d n a91vnae 	 n d n a9ivnae 
1 	e 	1 I6nalIc 1 	e 	1 IônalIc 
I I I IIIIIVI 	 I I I III1IV1 
AGCAGGGGGTCTGAGGTGGTCCCGAGGGGAGGAGCGGGGGTCTGAGGTGGTCCCGAGGGG 
301 ----------+ ---------+ ---------+ ---------+ ---------+ ---------+ 
T C G T CCC CC A GA CT CC A CC AG G G CT CC CC T CC T C G CCC CC A GA CT CC A C C AG G G CT CC CC 
E 	S 	 S 	. 	 .. 	S 
ADcPB aS ST 	 Aa N A a. 
vropsPucSsa vuF1DSM 	. 	 vMuMD 
aaRuts9reoq 	 a9iasen an9nd 
IIIMNs6FcII I6nIacl 	 . 	 1161e 
11111111111 	 IIIVIII 11111 
AGGACCTGGGGGTTCTGGGTGTGGTCCCGTGGGTAGGAGGGGGGGTCTGGGGATGGTCCT 
361 ------------------------------------------------------------ 
T CC T G GA C C CC C A A GA C C C A C A CC AG G G.0 A C C CAT CC T CCC C C C C A GA C CC C TA C C AG GA 
S 
Aa 	N 	 Aa 
F 	 H vuFAM1S H vuF 
o n a9ivnae 	 n a91 
k 	 1 I6nalIc 1 16n 





N 	 Aa N 
A1S H vuFA1S 
vae 	 n a9ivae 
alc 1 I6naIc 
lvi 	 I III1V1 
II / 	II 
C CC GAGG GGG GAGC GGG GGT C TGGG GTGGTC C C GAGGGG 
481 --------------------------------------- 519 
GGGCTCCCCCCTCGCCCCCAGACCCCACCAGGGCTCCCC 
Enzymes that do cut: 
Alul Aval Avail BanI BbvI BinI BstNI 	DdeI 
DpnI DralI DsaI EcoRli FinI Fnu4HI FokI GsuI 
HaeIII HgiCI HphI MboII Mn1I N1aIV NspBII 	PpuMI 
PssI Sau3A Sau961 ScrFI SecI SsoII Taqil 
Enzymes that do not cut: 
AatII AccI Aflil Aflill Ahali AocI Apal ApaLI 
Asp700 Asp718 AsuIl AvrII B1I BamHI Banli BbeI 
BbvII BclI Bg1I BgiII BsmI Bsp1286 BspHI BspMI 
BspMII BssHII BstEII BstXI CfrI CfrlOI Cial DraI 
Dralil Eco3lI Eco47111 Eco571 Eco781 EcoRI EcoRV EspI 
FspI GdiII HaeI HaeII Hg:aI HgiAI HgiEII HhaI 
HincIl HindlIl Hinfl HinPil HpaI HpaII KpnI MaeI 
MaeII MaeIII Miul MmeI NáeI NarI NciI NcoI 
NdeI NheI Nialil NotI NruI NsiI NspHI Pf1MI 
PmaCI PstI PvuI PvuII RsaI RsrII SacI Sacil 
Sail Scal SciI SfaNI Sf11 Smal Snal SnaBI 
Spel SphI SplI SspI Stul Styl TaqI ThaI 
TthlilI TthiilII XbaI XhoI XhoII XmaI XmaIII 
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$ type thyb.map;2 
	
(Linear) MAP of: Thyb.Seq2 check: 4031 from: 1 	to: 441 
seq to the telomeric side of the thyb rpt block 
With 136 enzymes: * 
October 28, 1987 	14:50 
SE 
S H 	SS S 	 Aa c B NS S 	 A 
sApMNNccSSsX vuFoMsMlcSSs Fv 
ovancerremom 	 a9iRntnareeo 	 i 	a 
IaIliiFFcaIa I6nhlNlIFccI n I 
IIIIIIIIIIIi 	 IIIIIIIvIIII 	 I 	I 
TCC C GG GAG GAGGC GGG GT C TG GGGT GGTCC CAGG GGAGG GAGGCGGGGGTCT GGG GACG 
1 --------------------------------------------------------------- 60 
AGGGCCCTCCTCCGCCCCAGACCCCACCAGGGTCCCCTCCCTCCGCCCCCAGACCCCTGC 
S 	 S 
a N 	 Aa NH SS 	 A S H S S 
uFMD1S MvuFlpNcs h sApNNcHcSM5 
9insae 	 - 	 na9iaacro 	 a ovaccrgrenm 
6nlaIc 1I6nhIjFI I IaIiiFaFcla 
Ililvi 	 IlilVilli 	 I 11111111111 
GTCCCGTGGGAGGGAGCGGGGTCTGGGGTGGTCCCGGAGGGAAGGAGACGCCCGGGATGT 
61 ------------------------------------------------------------ 120 
CAGGGCACCC TCCCTCGCCCCAGACCCCACCAGGGCCTCCCTTCCTCTGCGGGCCCTACA 
SH 	 S 
aaSH SS 	M 	H 	 Aa 	N 
uespNcsFX a i vuFMD1S 
91oacroom 	e 	n 	 a9insae 
6IIIiFIka I f I6nlaIc 
111111111 	I 	I 	 IIIIIVI 
GGCCCGGAGGAC GGAACGTGGAATCTGGGGGCGGTCCCGTGGGGAGGAGCAGGGGGTCTG 
121 ---------+ ---------+ ---------+ ----------+ ---------+ ---------+ 180 
CCGGGCCTCCTGCC TTGCACCTTAGACCCCCGCCAGGGCACCCCTCCTCGTCCCCCAGAC 
N H S 	 S 
1D aN a A a 	P 	 H 
arFelPu 	M vMu f i 
Iaolas9 n an9 	1 	 n 
IIkIIs6 	1 116 M f 
Ililvil I III 	I 	 I 
I/I 	 / 
GGGGTGGTTTTCA GGGATGGAGCATGGGGCCTCCCTGTGGTCCAGAGGGTGGAGCAGGGA 




R 	 F 	 vu 1 
s i a9 a 	a 
a 	 n 	 161 I 
I I III 	V 
/ 
GTCTGGGGGTGGTACTTATGGGCGGGACAGCACTATTTCTCTTTTTGGTCCGGTTCCCAT 
241 ------------------------------------------------------------ 300 
CAGACCCCCACCATGAATACCCGCCCTGTCGTGATAAAGAGAAAAACCAGGCCAAGGGTA 
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S 
S 	 ADNPaS 
a D vrlBpPu a D 	 M 	 M 
up 	aaaius9up n n 
3 n IIInMs6 3 n 	 1 	 1 
A I 	IIVIIII A I I I 
II I/I 
CTGCTGATCTGGGGGTCCTTGTGATCCTGACAGGTGGGGCAGAATGGGAGGGTCAAGGTG 
301 ------------------ -----------+---------+---------+---------+ 36 
GACGACTAGACCCCCAGGAACACTAGGACTGTCCACCCCGTCTTACCCTCCCAGTTCCAC 
A 
Sx 	 S 
H 	M 	 B 	ahD M 	 p 
p n i uop 	 11 	 7 
h 	1 	 n 	31 1 0 
I I I All 	 I 	 0 
/ 
AGGGGAAGGGATATTGACAGGAGGTCAGAACTTCAAGATCCTCTTGAATTTCAAGAACTA 









421 ---------+ ---------+- 441 
GAAGGTTCGGACCTGTTATAG 
Enzymes that do cut: 
Ahall Asp700 Aval Avail BinI BstNI DpnI Drall 
DsaI EcoRil FinI FokI HaeIII HgaI HinfI HpaII 
HphI MaeII MnlI NciI NlaIII N1aIV Pf1MI PpuMI 
PssI RsaI Sau3A Sau961 ScrFI SecI Smal SsoII 
XhoII XmaI - 
Enzymes that do not cut: 
AatII AccI Aflil Aflill Alul AocI Apal ApaLI 
Asp718 Asuil AvrII BalI BamHI BanI Banli BbeI 
BbvI BbvII BclI Bg1I BglII BsmI Bsp1286 BspHI 
BspMI BspMII BssHII BstEII BstXI CfrI CfrlOI Clal 
DdeI Dral Dralli Eco3lI Eco47111 Eco571 Eco781 EcoRI 
EcoRV EspI Fnu4HI FspI GdiII GsuI HaeI HaeII 
HgiAI HgiCI HgIEII HhaI HincIl Hindill HinPil HpaI 
KpnI MaeI MaeIII MboII M1uI MmeI NaeI Nan 
NcoI NdeI NheI NotI NruI NsiI NspBII NspHI 
PmaCI PstI PvuI PvuII RsrII SacI SacII Sail 
Scal Scil SfaNI Sf11 Snal SnaBI Spel SphI 
SplI SspI Stul Styl TaqI Taqil TaqIl ThaI 
TthlllI TthlllII XbaI XhoI XmaIII 
FIGURE 3.11. 
Restriction sites for enzymes Acci and Pstl were placed using 
partial enzyme digestion data shown in Fig. 3.7. BamHl and EcoRV 
sites were placed from band pattern observed in complete digests 
(data not shown) . Sites for enzymes Taqi, HaeIII and Alul in the 
4.2kb Pstl fragment with 29C1 homology were placed from partial 
enzyme digestion data shown in Figure 3.8. Some of these sites 
ould be easily confirmed from complete digestion data with these 
enzymes (Figure 3.9). Th Acci sit&.an ThyB 4.2 was placed by 
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500 bV Ju 1 - 	bp Alu I fragment 	 "1 Fragments eily confirmed in fragment shared not  shared with 29C 1 with29Cl 	
- 
 
3.2 kb Has Ill fragment 	 i 	complete digest band pattern (Fig.3.o), 
Ill 
v) Interpreting the Avail restriction pattern 
In addition to sequence data obtained from these experiments it 
was possible to observe repeating patterns in sequencing gels for 
some distance beyond the readable sequence. 	Thus it was possible 
to observe that repeats similar to those in 29C1 and in the same 
orientation started in the sequence read on the centromeric side. 
These repeats continued into the clone for at least a further 600bp, 
about 20 repeat units. Similarly, on the telomeric side repeats in 
the same orientation ran into the fragment for at least ôOObp or 
about 20 repeats. The repeats appeared to be imperfect but were 
nevertheless quite clear as a pattern. Thus about 2.2kb of a 3.4kb 
Taqi fragment was known to consist of 31bp repeats in the same 
orientation. These repeats usually contain an Avail site, so that 
in the DNA sequenced there is a site for that enzyme at approxi-
mately 31bp intervals. In order to find whether the repeat 
continued throughout the fragment, the 3.2kb HaeIII subfragment of 
ThyB 4.2 was purified from a gel then Avail restricted. DNA was 
then run on a 4% Nu Sieve Agarose gel in TBE (Fig. 3.12). A ladder 
can be seen of fragments based on a ....31bp monomer. Thickness of 
bands indicates variation in exact length. Most DNA is in the 
monomer, dimer or trimer form, though fragments as large as 250bp (8 
copies) are faintly visable. This may be due to partial digestion, 
since large numbers of sites tend to make digestion slower than 
might be expected. This experiment does suggest however that DNA 
within the 3.2kb HaeIII fragment is composed of a block of approxi-
mately 100 repeating units of about 31bp, in the same orientation. 
This sequence is discussed further in Section 3.4. 
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FIGURE 3.12. 
Markers 


















Tracks 1) HaeIII-HaeIII 3.2kb fragment from ThyB4.2, undigested 
HaeIII-HaeIII 3.2kb fragment from ThyB4.2, Avail digested 
pBR322 Mspl digested 
lambda Hindlil 
3.3. ANALYSIS OF PES 3.5 
At the time that the experiments previously described were 
being done, human cell line PES (karyotype 46, XY - see Section 2.4) 
was also being analysed by Howard Cooke with respect to the 
structure of its sex chromosome telomeres. Each telomere was found 
to have a small and a large 29C1 homIogous Hindill fragment, the 
'' 	- 	 flie 	cc. - 
order of which was defined by time course sampling of digestions of 
total PES DNA with exonuclease Bal3l. Order of Hindill fragments 
coming in from the telomeres was the order in which these fragments 
disappeared. The band pattern of a HindlIl digest of PES DNA probed 
with 29C1 is shown in Fig 3,3. Howard Cooke constructed a map of 
one of the two telomeres, with some sites close to the chromosome 
end. This map has subsequently been confirmed by Sally Cross (Fig. 
3.18). A mouse-human hybrid cell line containing only the PES X 
chromosome has been constructed by Sally Cross and Stewart McKay. 
This has made it possible to est'b'l1sh that the upper of-the large 
F of the sr: 
Hindlil bands and the lower of the small Hindlil bands are from the 
c from the y 
Y chromosome, the other two from the 	X. Howard Cooke cloned the 
'Cl homolc.. 
5.6kb Y chromosome derived 29C1 homologous Hindlil fragment from 
cell line PES DNA in an L47 library. Instability similar to that 
experienced with cloning of ThyB 17 was noted The fragment was 
stabilised by cloning into pTJC9. This clone is referred to as A35. 
The 3.5kb EcoRl fragment, known to contain the 29C1 homology, was 
subcloned into pTZI9R by the author and is referred to as PES 3.5. 
Analysis of this block of 29C1 homologous sequence was particularly 
useful since the two blocks previously studied derived from hybrid 
cell lines. Instability of human chromosomes in a mouse background 
is well known. Sequence from cell line PES would not have been 
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subject to such instability, though rearrangements during cloning 
again cannot be ruled out. Once again, its size does correspond 
with that of the 29C1 homologous band seen in Hindlil digested PES 
DNA, so this possibility also seems unlikely. This block of 29C1 
homology within PES 3.5 was analysed by restriction mapping and 
sequencing, as follows. 
i) Restriction analysis of PES 3.5 
The PES 3.5 insert was cloned in both orientations into pTZI8R, 
as shown by a Taql digestion (see Fig. 3.13). Complete digests of 
PES 3.5 with various combinations of the enzymes Taql, EcoRI, Acci, 
Bgll and Pstl were carried out as shown in Fig. 3.13. Plasmids 
containing the clone in both orientations were separately digested 
with Xbal and Hindill, then Kleinow end labelled with [ 32P] dCTP. 
Thus only the Xbal end, which is adjacent to the insert, was 
labelled in each plasmid (see Fig. 2.3, for order of enzyme sites in 
the pIJC19 polylinker). DNA of each orientation prepared thus was 
digested to completion with Pstl, Acci, Taql, Sfil and Bgll. This 
DNA was electrophoresed, then gels were dried down and exposed to 
autoradiographic film (Figs. 3.14 and 315). Thus the distance 
between the polylinker and the first site for each of the above 
enzymes, from each end of the insert, could be estimated. These 
sites were placed on a map of the 3.5kb EcoRl-EcoRl subclone PES 
3.5. This map was compared to complete digests in Fig. 3.13 and was 
found to represent every site for these enzymes in the fragment, 
since there were not more than two sites for each. This map was 
further confirmed by complete digests with each enzyme individually 
(data not shown) and is represented in Fig. 3.18. By placing the 
Sfil site, it was possible to orient PES 3.5 relative to the known 
A35 map and hence to centromere and telomere. 
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FIGURE 3.13. 















Tracks 1) Lambda Hindill 
2) Pat153 Taqi 
3) PES 3.5 (orientation 1) TaqI 
PES 3.5 (orientation 2) Taqi 
PES 3.5 (orientation 1) EcoRl 
PES 3.5 (orientation 1) EcoRl + Acci 
PES 3.5 (orientation 1) EcoRl + Acci + Bgll 
PES 3.5 (orientation 1) EcoRl + Acci + Pstl 
PES 3.5 (orientation 1) EcoRl + Acci + Taqi 
Lambda Hindill 
FIGURES 3.14 AND 3.15 
On completion of this experiment it was noted that there is a 
Taqi site in the pUCI9 polylinker (used in 	 pTZ 19R - see 
Fig. 2.3) between the labelled XbaI end and the Pstl site into which 
the insert was cloned. Therefore in both orientations complete 
digestion leaves label attaId to a 9bp fragment wbich will not be 
visible on these gels. 	b- weak Taql bane izz Fig.. 3.14 indicates a 
partial digestion, probabib--cause t 	lasA Taql! site  was so close 
to the end that !breathi1i. 	r-eadered th* site Ta easily 
recognised. The position :f Ae Thqlt s-tea c.a.n be 	timated from 
Figs. 3.13 and 3.17 and wes cffLrme4 by squcg.. 
FIGURE 3.14. 
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Tracks 1) 	Complete Bgll digest of PES 3.5 orientation 1, end 
labelled at Xbal site 
 Complete Sfil digest of PES 3.5 orientation 1, end 
labelled at Xbal site 
 Complete Pstl digest of PES 3.5 orientation 1, end 
labelled at Xbal site 
 Complete Acci digest of PES 3.5 orientation 1, end 
labelled at Xbal site 
 Complete Taqi digest of PES 3.5 orientation 1, end 


























Complete Bgll digest of PES 3.5 orientation 2, end 
labelled at Xbal site 
Complete Sfil digest of PES 3.5 orientation 2, end 
labelled at Xbal site 
Complete Pstl digest of PES 3.5 orientation 2, end 
labelled at Xbal site 
Complete Accl digest of PES 3.5 orientation 2, end 
labelled at Xbal site 
Complete Taql digest of PES 3.5 orientation 2, end 
labelled at Xbal site 
The same end labelled DNA was also used to map sites for HaeIII 
and Alul, and to confirm Bgll sites by studying partial digests of 
each orientation with each enzyme in the manner described in Section 
2.9. From this data shown in Fig.3.16, sites for HaeIII and Alul 
were placed on the map shown in Fig. 3.18. These were confirmed by 
comparison with the pattern of bands in a complete digestion of PES 
3.5 with Taqi, HaeIII and Alul (Fig. 3.17). 
ii) Sequence analysis 
The 1.7kb Psti-Pstl fragment and the 0.95kb Accl-HaeIII frag-
ment from PES 3.5, labelled on Fig. 3.18, were subcloned in both 
orientations by Niolette McGill. The 1.!kb HaeIII-HaeIII fragment 
from PES 3.5, also shown in Fig. 3.18, w 	subcloned by the author. 
Sequence data was generated by Maxam-Gilbert sequencing. In this 
way about 650bp to the centromeric side and 690bp to the telomeric 
side of the 1.7kb Pstl-Pstl fragment were sequenced, leaving a gap 
of about 400bp in the centre, unsequenced. Once again a clear 
pattern of imperfect 31bp repeats could be seen in sequencing gels, 
surrounded by declining homology to the repeat. From this pattern 
it could easily be deduced that the central 400bp contained further 
repeats in the same orientation. Sequence composition and homology 
to other sequences are discussed in Section 3.4. The sequence reads 
from centromere to telomere as follows:- 
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FIGURE 3.16. 
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Tracks 1) Lambda HindIII/pAT153 	Taql mix 
HaeIII partial digest of PES 3.5 orientation 1 
HaeIII partial digest of PES 3.5 orientation 2 
Alul partial digest of PES 3.5 orientation 1 
Alul partial digest of PES 3.5 orientation 2 
Bgll partial digest of PES 3.5 orientation 1 





















Tracks 1) Lambda HindIII/pATI53 Taqi mix 
pTZ 19R Taqi + EcoRI 
PES 3.5 Taqi + EcoRI 
pTZ 19R HaeIII + EcoRI 
PES 3.5 HaeIII + EcoRI 
pTZI9R Alul + EcoRI 
PES 3.5 Alul + EcoRI 
Lambda HindIII/pATI53 Taqi mix 
seq of region of pes telomeric minisat block from pst 1 site on cent 
side 
With 136 enzymes: * 
November 4, 1987 	16:47 
H 
H 	 H 	 a 
b b M 	 AM 	H 	e 
o 	 o 	n 1 p I 
	
I le 1 	 u 	h 	I 
I 	 II 	I II I I 
gcaatctcggctatcttccctcactcag t tc ttcgcctccaccagcttcggctct t ttcg 
1 ------------------------------------------------------------ 60 
cgttagagccgatagaagggagtgagtcaagaagcggaggtggtcgaagccgagaaag 
M 	 C 
a G  
H 	 H e 	M 	 B 	Cdr 
n n 	I n b fil 
1 	 1 I 	1 	 V 	 r 1 
I I 	I I I III 
/ 
tcacccctctttactcctcgttcctctccgtcactttccgtcatctccgattaggctcgg 
61 ------------------------------------------------------------ 120 
agtggggagaaatgaggagcaaggagaggcagtgaaaggcagtagaggctaatCcggc 
H 	FX 	 H 
aH nm S 	 H a H 
epNHua 	 f M 	 M b e i 
Iaap4I a 	 n n o i 
IIehHI 	 N 1 	 1 I I f 
111111 I 	 I I I I 	I 
I/I 	/
ccggctgcatctcaccatttcgctttcctctttgtcgccctctgataaatttcgtgactc 
121 ------------------------------------------------------------ 180 
ggccgacgtagagtggtaaagcgaaaggagaaacagcgggagactatttaaagcact gag 
H 	 M 	 ME 
a a a C 
e 	 F 	e 	 e o 
I i I 15 
I 	 n 	I 	 17 
I I I II
ttcgtcactgtccgtcagtccccgtcactttccgtcaattctcgccactttccgtcactc 
181 ---------+  -- - - - - - - - --- - - - - - - - - +  -- - - - - - - - +  -- - - - - - - - +
+ 240 
aagcagtgacaggcagtcaggggcagtgaaaggcagttaagagcggtgaaaggca g t gag 
T 
F 	 C 	 t 	 M 
n H f h a 
u 	 A brpN 	 1 	A 	e 	H 
4 1 	olaa 1 c I p 
H 	 u 101e 	 1 	c 	I 	h 
I I 	1111 I I I I
tccgccgcccttcagctccgccggctcttctccgtcagacatcgtctactttcgtcactc 
241 ------------------------------------------------------------ 300 
acggcgggaagtcgaggcggccgagaagaggcagtctgtagCagatgaaagCagtgg 
a 	 a 	 SHS 
e e M 	 R spNc 	 A 
I 	 I 	n S oacr o 
I I 1 	 a 	IliF 	 c 
I 1111 I 
/ 
tccgtcaccctccgtcactct Ccgtctgctccctaccccgtactccgggtggagaaag 
301 ---------+ ---------+ ---------+ ---------+ ---------- ---------+ 36 
aggc ag tggg agg c ag tg ag agg C ag a cg aggg a tgg gg ca tg agg ccc acc t c tt t cgg 
	
S 	 F 	 H 
AD 	NNPa n i 	H 
D 	vrFMMllpPu 	 U 	 M n HDa 
d aainnaaus9 4 n P hde 
e 	IInhlIIMs6 	 H 	 1 	1 ael 
I IIIIIVVIII I I I III 
tcagggggtcccgacagg agg agcggcagtctggggg tggcgc tgagggaaggagcag tc 
361 ------------------------------------------------------------ 42 
agtcccccagggctg tcc tcc tcg ccg tcagacccccaccg cgac tcccttcctcg tcag 
SB 
AasH 	 H 
T M vupp j 	 M 
h n a9Ma 	 n n 
a 1 1611 f 	 1 
I I 1111 	 I I 
/ 
gcgtggtccggaggacaggagc agggagtctgggggtggtttcgtggggaggagcagggg 
421 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + 48( 
cgcaccaggcctcctgtcctcg tccctcagacccccaccaaagcacccctcctcgtccc 
S 
N 	 Aa 
1M SS 	 M vu 	M 
an et n a9 n 
Ii cy 	 1 16 	1 
VI II i: II I 
gtctgggggtggttcccaagggaggagcgggggtctgggggtggtccxgaggggagaaga 
481 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + 54( 
C ag a ccc cc a cc a ag g g t t ccc t cc t cg ccc cc ag a ccc cc a cc ag gxc t ccc c t c t t c t 
M 	 S 
a M 	 Aa 
e b MT 	 Mvu 
I o 	 na n a9 
I 	I lq 	 116 
I I 	 II III 
/ 
ggggggt tac tggg cg tgg tttcgatgggaggagcaggggg tctgggcg tggtccxgagg 
541 ------------------------------------------------------------ 60( 









601 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - 644 
cgcc tcgccc C cagacccccacc aggxc tcc Ct cgc acc ccaga 
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Enzymes that do cut: 
AccI Alul AocI AvaI-1 
DdeI DraIl Eco571 Fini 
HhaI Hinfl HinPlI HpaIl 
NaeI Neil NiaIV PpuMI 
SecI SfaNI SsoII Styl 
Enzymes that 	do not 	cut: 
AatII Afill Afilil Ahall 
Asull Aval AvrII BalI 
BbvII BclI BglI BglII 
BspMI BssHII BstEII BstNI 
Dralli DsaI Eco31I Eco47111 
EspI FokI FspI GsuI 
HgiEII Hincil Hindlil HpaI 
MmeI NarI NcoI NdeI 
NsiI NspBII NspHI Pf1MI 
RsnII SacI Sacli Sail 
Smal SnaI SnaBI Spel 
Taqil Taqil TthiiiII XbaI 
BbvI BspMII CfnI CfriOI 
Fnu4HI GdiII HaeII HaeIII 
HphI MaeIII MboII MnlI 
PssI RsaI Sau961 ScrFI 
TaqI ThaI' TthiiiI XmaIII 
Apal ApaLI Asp700 Asp718 
BamHI BanI Banli BbeI 
BinI BsmI Bsp1286 BspHI 
BstXI Clal DpnI Dral 
Eco781 EcoRI EcoRil EcoRV 
HaeI HgaI HgiAI HgiCI 
KpnI MaeI MaeII Miul 
NheI Nialil NotI NruI 
PmaCI PstI PvuI PvuII 
Sau3A Seal Scil SfiI 
SphI SplI SspI Stul 
XhoI XhoII XmaI 
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PS QCn\J\- 	 Lt - r'z 	 -'\ 	j 	 JQ 
S 	 N 
Aa Ti 
M vu MAD 	 M 	AS 	 aa 
n a9 nod n ye qI 
1 16 ice 	 1 	ac 	 II 
I II III I II II 
tctgggggtggtcotgaggggaggagcggggtctgggggxxtcccgagggggaagcagg 
1 -------------------------------------------------------------- 
a g a c C C C C a c c a g g a c t C cc c t C C t C g C cc c a g a c C C c cxx a g g g C t c C C C C t t c g t a c c 
	
S 	 S 
Aa Aa 
vu MAD 	 vu  
a9 nod a9 n 
16 ice 	 16 1 
II III II I 
gggtctgtgggtggtccttaggggaggagcgggggtctggggg tgg tcctg tggggagga 
61 ------------------------------------------------------------ 
cc cagac ac C cac cagg aat cccc tcc tcgcc ccc ag ac ccc c ac c agg ac accc C tc c t 
E 	S 	S 
ADcNBP aS S Aa 	 S 
vroispPucSs vu M B 	Ma D MAD 	F 
aaRatus9reo a9 n 	 1 flu p nod o 
IIIINMs6FcI 16 1 n 	13 n ice 	k 
IIIVIIIIIII II I 	 I IA I III I 
gcagggggtcctgggggcggtcctgatgggaggagcgggggtCtggggatgatCctgagg 
121 ------------------------------------------------------------ 
cgtccccc agg ac ccccgccaggac t ac cc tc c teg ccc ccag ac C cctac tagg ac tc c 
E 	H 	 H 
H Ac Hi N H 	GaH 
A 	 MgBhoHBanN1FS 	A 	p M Cdep 
1 niaa7hbepaaoe 1 a 	ri fila 
u 	 iCn18aelirlkc 	u 	I 1 nIl 
I IIIIIIIIIIVII I I 	I 1111 
ggaggagctggggtctggggatggcgccgagggaaggagctgtccggtgtggccggagga 
181 ------------------------------------------------------------ 
cctcctcgaccccagac ccctaccg cggctccc t tcc tcgacaggccacaccggcctcct 
Sx 
ahD 	B 	M 
uop I n 
3m n 	n 	1 
All I I 
/ 
c a g g a a c a g t g g at Ct g g g g t t xx t t t t g t g g g gag gag tag g g g g t C t g g g g g t g g t t t 
241 ------------------------------------------------------------ 30 
gtccttgtcacctagaccccaaxxaaaacacccctcctcatcccccagacccccaccaa 
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NS 	 H 
la aN a 	 H 
auFel 	DMSC BHe i 	 R 
I9oIa snef aal 	 n s 
16k11 	alcr lel f 	 a 
lIlly 1111 III 	 I I 




c BaSSN 	 S 	 A 
F 	 . 	oHsecsl a D v 
I . 	 Ratlroa 	 u p 	a 
n 	 IeN1F1I 3 n I 
I IIIIIIV 	 A I 	I 
/ I/I 
c ttatgggcgggacagcactatttctct ttttggcctggttcccatc tgctgatc tgggg 
361 ------------------------------------------------------------ 
g a a t a ccc g ccc t g t C g t g at a a a g a g a a a a a c C g ga cc a a g g g t a g a c g a c t a g a cc cc 
S 
DN B a S 
	
rlBpPu a D 	 M 	 M 	 H 	H 
aaius9 u p n n p n 
IInMs6 3 n 	 1 	 1 	 h 	1 
IV1II1 A I I I I I 
II I/I 




AMSX AM A s M 
BsTb ahD sbT H sT p b 	A 
ivao uop uoa n ua 7 o 1 
nIqI 31 IIq 1 	Iq 0 I 	u 
1111 All III I 	II 0 I I 
tg ac aggaggtcagaacttcgaagat cctcttcgaatttcgaagaac tac ttccaagctg 
481 	------------------------------------------------------------ 
ac tgtcctccagtcttgaagc ttctaggagaagcttaaagcttc t tgatgaaggttcgac 
H 
a 	 T 
H 	T 	lieS M 	 a 
n a alt 	 n q 
1 	q 	elu 1 	 I 




c tgt tatagctctccggag tag agatg ttt tatttttaattcxtt aagcgacccacgcta 
H 
F 	M 	M M D 	 G 	b 	M 
I n n n d s o n 
n 	1 	1 	1 	e 	 u 	I 	1 
I I I I I I I I 
ggcacactcctgtagtcccacctactctggaggctgaggagggaagataacttgagcXtg 
601 ------------------------------------------------------------ 
C c g t g t g a g g a c a t c a g g g t g g a t g a g-a cc t c c g a c t c c t c c c t t c t a t t g a a c t C g x a c 
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E 	H 
H HAc Hi  - 
i 	S gBhoHBanNl 
n e iaalhbePaa 
f 	c CnI8aeIlrI 
I I IIIIIIIIIV 
ggagtccgaggcgcc 
661 --------- +----- 	675 
cctcaggctccgcgg 
Enzymes that do cut: 
Ahall Alul AocI Asp700 Asull Aval Avail Ball 
BanI BbeI BinI BstNI CfrI DdeI DpnI DraIl 
DsaI Eco78I EcoRil FinI FokI GdiII GsuI Hae] 
HaeII HaeIII HgiCI HhaI Hinfl HInF1I HpaII Hph] 
MboII MnlI NarI Nialli N1aIV PpuMI P s s I Rsa] 
Sau3A Sau961 ScrFI S e c I SsoII Stul TaqI TaqI] 
Xho II 
Enzymes that do not 	cut: 
AatII AccI Aflil Afilil Apal ApaLI Asp718 AvrI] 
BamHI Banli BbvI BbvII BclI BglI BglII Bsm] 
Bsp1286 BspHI BspMI BspMII BssHII BstEII BstXI CfrlO] 
Clal Dral Dralil Eco3lI Eco4711I Eco57I EcoRI EcoR\ 
EspI Fnu4HI FspI HgaI HgiAI HgiEII Hincli Hindu] 
HpaI KpnI MaeI MaeII MaeIII Miul MmeI Nae] 
NciI NcoI NdeI NheI NotI NruI NsiI NspBI] 
NspHI Pf1MI PmaCI P s t I PvuI PvuII RsrII Sac] 
Sacli Sail Scal SciI SfaNI SfiI Smal Sna] 
SnaBI Spel SphI SpiT SspI Styl ThaI Tthlll] 
TthlllII XbaI XhoI XmaI XmaIII 
FIGURE 3.18 
Sites mapped on the PES Y chromosome telomere for enzymes 
Hindill, EcoRV, BamHl, Sf ii and Bgll were placed by Howard Cooke. 
This map is not comprehensive for all sites of these enzymes in this 
region, but merely maps sites known. Sites for Sfil, Bgll, Pstl, 
Acci and Taqi in PES 3.5 were placed by comparison of data from 
complete digests visualised on ethidium bromide stained gels (Fig. 
3.13) with complete digests of end labelled DNA visualised by 
autoradiography after electrophoresis (Figs. 3.14 and 3.15). Sites 
for HaeIII and Alul were placed in PES 3.5 from partial digestion of 
end labelled DNA (Fig. 3.16). Some sites could be confirmed by 
comparison of predicted with with actual pattern of bands on an 






(lymphoblastoid cell line derived from a male member of the lab) 
Some sites on the PIES V chromosome 	 A35 
close to the télomere, placed by 
Howard Cooke & Sally Cross. Sites with 	 SCALE 
asterisks are last sites before the telomere 	
EV' B* 	 FbESf' E' iug 	TELOMERE for that enzyme. 	 , r 	' 	 - - - 
PES3.5 
- 4- 
 ITT A T 'S 
Detailed map





KEY TO ENZYMES 
A •Alul 






Hd -Hind Ill 
P •Pstl 
Sf • Sf1 1 
I -Taqi 
HH1Sf\H\P H Ac 	 HH 	H P H 	H 
H H  
644 bp sequenced 	400 bp with 	675 bp sequerced 
including about -13 more repeats including about 
8 repeats 	visible as pattern 	5 repeats. 
at top of sequencing gels. 
950 bp Accl-Hae III Iragrnent 
1.1 kb Hae Ill- Has Ill fragment 	
Subclones isolated from PIES 3.5 
1.7 kb Pstl - Pst I fragment 	 for sequencing. 
4 
3.4. COMPOSITION OF SEQUENCES FOUND AT LOCUS DXYS14, AND 
SIMILARITY TO OTHER SEQUENCES 
In sections 3.1-3.2, maps and partial/complete sequencing of 
three 29C1 homologous restriction fragments have been described. 
The probe 29C1 has previously been found to detect a hypervariable 
locus DXYS14, within 23kb of the human XY chromosome telomere, 
beyond the last BamHl site. Sequences at this locus vary in size 
and number, so as to give an individual specific pattern of usually 
between one and four bands, which are inherited in a Mendelian 
fashion. It is hardly surprising therefore that the three fragments 
analysed were of different sizes and with substantial differences in 
position of restriction sites. This variation appears to be due to 
variation in the copy number of an imperfect 29-35 based pair repeat 
found in each of the three fragments. 29C1 contains 14 repeat 
units, with elements of the repeat declining in the surrounding DNA 
(Fig. 3.4). ThyB 4.2 appears to contain about 100 copies of the 
repeat, while PES 3.5 contains around 25 (the latter two are 
estimates, since neither has been completely sequenced and since the 
beginning and end of repeats are difficult to define). The sequence 
in the repeat block is about 72% GC. More specifically, one strand 
is 56% G, so that there is a G rich and a C rich strand in the 
sequence. 
The sequence data generated was analysed using computer 
programmes from the University of Wisconsin Genetics computer group 
(UWGCG) sequence analysis package (further information on programmes 
used can be found in the UWGCG User manual, 1987; see also Devereux 
et al, 1984). The programme 'best fit' makes an optimal alignment 
of the best segment of similarity between two sequences. Gaps are 
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inserted where necessary to maximise the number of matches. 
The sequences at the edge of the blocks were compared in this 
manner. Non-repeated DNA from the proximal side of 29C1 and ThyB 
4.2 was found to be identical. This is consistent with maps of the 
clones (Figs. 3.5 and 3.11) which suggest a region of common 
sequence extending back at least to the proximal Pstl site in both 
clones. In PES 3.5 sites in common with 29C1 and ThyB 4.2 can also 
be seen between the Pstl and Acci sites to the centromeric side 
(Fig. 3.18). Here however sites appear to diverge beyond the Acci 
site, and since sequence data from ThyB 4.2 and 29C1 starts some 
300bp beyond the Acci site, the exact point of divergence cannot be 
determined. To the telomeric side of these three'repeat blocks, 
limited homology (65-92%) was found in pa'rwise comparisons. This 
probably simply reflects a declining homology to the repeat. No 
region of common sequence between any of the three blocks studied is 
reached to the distal (telomeric) side of these repeat blocks. 
Having identified approximately where repeat blocks started, it 
was possible to generate a consensus for repeats from each of the 
three blocks separately, then for repeats from all three. A 
preliminary consensus was generated by eye, then each repeat was 
compared to the consensus by the programme 'Gap', to align repeats. 
A file of these repeats was used as an input to the programme 
'Pretty' which displayed the lineups, then generated a consensus. 
The consensus for each block then for all blocks is as follows:- 
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Plurality: 7.00 Threshold: 1.00 AveWeight 1.00 AveMatch 1.00 
PRETTY of: @cfi.gap;59 	November 17, 1987 	20:10 
Cf i. Gap 
Cf i .Gap 
Cf i. Gap 
Cf i . Gap 
Cf i. Gap 
Cf i. Gap 
Cf i. Gap 
Cf i. Gap 
Cfi. Gap 
Cf i. Gap 
Cf i. Gap 
Cf i. Gap 
Cf •i. Gap 























GGGGGgT. . C 


























• CCC. GAG 
CCC. GAG 
CCC. GAG 





• CCC. GAG 
• CCC. GAG 
• CCC. GtG 
• CCta. AG 
tttCa. 
-CCC-GAG 
Plurality: 7.00 Threshold: 1.00 AveWeight 1.00 AveMatch 1.00 



































GGGGGgT. . C 
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GGcaG.T. .0 
a.G ... T. .0 
aGGGagT. . C 
aGGGGgT. . C 
GGGGG.T. . C 
GGGGGgTtaC 
aGGGGgT. . C 
GGGGG.T. .0 
.GGGG.T. . C 
GGGGG.T. . C 
GGGGG.T. C 
aGGGGgT. cC 




















TGGGGGTGG. . CgCtGA. 
.G. .cGTGGT .CCG.GAG 
TGGGGGTGGT ttC. . GtG 
TGGGGGTGGT tCCCa.A. 
TGGGGGTGGT . CCX. GAG 
TGGGcGTGGT ttC. . GAt 
TGGGcGTGGT .CCX.GAG 




TGGGGGcGGT . CCT. GAt 
TGGGGaTGAT . CCT. GAG 
TGGGGaTGGc .gCC.GAG 
TGGGGGTGGT -CC--GAG 
Plurality: 7. 00 Threshold: 1.00 AveWeight 1.00 AveMatch 1.0 
PRETTY of: @pestel.gap;29 	November 17, 1987 	20:15 
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Plurality: 20.00 Threshold: 1.00 AveWeight 1.00 AveMatch 1.01  
0 
PRETTY of: @cfi.consensus 	November 17, 1987 20:03 
Cf i. Gap 
Cf i. Gap 
Cf i. Gap 
Cf i . Gap 
Cf i. Gap 
Cf I. Gap 
Cf i. Gap 
Cf i. Gap 
Cf i. Gap 
Cf i. Gap 
Cf i. Gap 
Cf i . Gap 
Cf I. Gap 















Pestel . Gap 
Pestel . Gap 
Pestel .Gap 
Pestel . Gap 
Pestel . Gap 
Pestel . Gap 
Pestel . Gap 
Pestel . Gap 
Pestel. Gap 
Pestel . Gap 
Pestel . Gap 
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From these alignments of the sequence a 31bp consensus repeat 
is generated. PES 3.5 repeats differ in consensus by one base pair 
from that of ThyB 4.2 and 29C1. Further, there are generally more 
diations from the overall consensus in repeats of the PES 3.5 
block. This may be significant, since PES 3.5 appears to derive 
from a repeat block close to the telomere end, with a second block 
proximal to it. 29C1 on the other hand is the proximal block from 
such a 'two block' telomere, while the ThyB 4.2 repeat block lies 
in a position equivalent to 29C1 on a chromosome containing only one 
block. This is discussed further in Chapter 4. The consensus for 
all DXYSI4 repeats so far sequenced is however the same as that of 
ThyB 4.2 and 29C1. Variation from the consensus appears possible at 
most sites within the repeat, so that there does not appear to be 
any 'core' of conserved homology. 
Three other minisatellite families have been found in the human 
pseudoautosomal region, proximal to DXYSI4. A 61bp variant of the 
DXYS20 minisatellite sequence (Howard Cooke, pers. comm.) was 
compared to the consensus DXYS14 repeat in both orientations. Best 
similarity was found in reverse orientation, with 35 homology 
(percentages are as a fraction of the total length of the shortest 
sequence in the comparison). The AT rich minisatellites found at 
loci DXYSI5 and DXYS17 (Simmler et al, 1987) were also compared, but 
no appreciable similarity was found to exist between these repeats. 
The 29Cl homologous repeat consensus was compared with a known 
autosomal minisatellite 'Core' consensus (Jeffries et al, 1985). 
Many hypervariable loci homologous to this sequence are known to 
exist scattered throughout the human autosomes, but none have been 
located on the sex chromosomes (Jeffries et al, 1986). An alignment 
of 66 (10 out of 15 base pairs) was possible, without inserting 
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gaps in either sequence. Comparisons were similarly made between 
the DXYS14 consensus and specific minisatellite probes which have 
been used for DNA fingerprinting (Jeffries et al, 1985b). The 
DXYS14 repeat was found to have 63% similarity to the 33.15 repeat 
probe, and 45% similarity to the 33.6 repeat probe. Another 
minisatellite 'core', thought to represent a different family of 
loci, has been described by Jarman et al (1986). This sequence 
aligns with 82% similarity to the 29C1 consensus, though two matches 
out of eleven are to ambiguous base pairs. It would seem then that 
the DXYS14 repeat is more closely related to autosomal 
minisatellites than to other known pseudoautosomal repeats. 
A repeat unit found in M13 phage has been found to give a DNA 
fingerprint similar to that found with probes 33.15 and 33.6 
(Vassart, 1987a and b). The M13 repeat aligns with 53% similarity 
to the consensus 'core' of the autosomal minisatellite described by 
Jeffries et al (1985). This sequence also aligns well with the 29C1 
consensus, giving 80% similarity. In addition, a sequence 
homologous to the Drosophila 'Per' gene has been cloned from mouse 
DNA and appears to detect a fingerprint in mice. This sequence is 
based on a simple motif which aligns well with parts of the 29C1 
repeat. 
The loci detected by these sequences are all hypervariable. 
One possible explanation for this variability is that they are 
recombinogenic. Since the pseudoautosomal region is known to be a 
region of high recombination frequency in male meiosis (Rouyer et 
al, 1986), it is interesting that sequence analysis of this region 
has revealed at least four distinct families of hypervariable 
minisatellite type repeats (Cooke et al, 1985; Simmler et al, 
1987). A minisatellite block on an autosome has now been shown to 
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be a region of high recombination (Steinmetz et al, 1987). In 
further support of this hypothesis it has been noted that there is 
some similarity between the autosomal minisatellite 'core' and the 
lambda 'chi' site, a known recombination signal. Jeffries et al 
(1985) state that the minisatellite 'core' is similar in length and 
in G content to the chi sequence. The 29C1 consensus also shows 
such similarity to chi. 
Alignments discussed in this section are shown in Fig. 3.19. 
Since homology to minisatellites at other pseudoautosomal loci 
(DXYS15, 17 and 20) was weak, these have not been included. 
Alignments shown are best possible alignments of each sequence to 
the DXYSI4 consensus repeat, and may not necessarily be best 
alignments to each other. 
The consensus repeat from DXYSI4 was used to search data bases 
of known human and mouse sequences using the programme 'wordsearch'. 
Best alignment to a human sequence was found in a polymorphic Alu 
repetitive sequence close to the human apolipoprotein gene, which 
showed 68% alignment with the repeat consensus. This was only 
possible however by using a lowered gap weight, which allowed a 4bp 
gap in the apolipoprotein sequence to improve alignment. This is 
certainly greater than chance similarity, and-it—is interesting that 
alignment should be possible with another repetitive sequence. Less 
significant similarities were also found to several Alu repeats in 
the 3' flank of the insulin gene, the alpha-globin gene region, and 
the human beta globin region. Other significant alignments were 
found to sequence from the alpha-1-antitrypsin gene (70%), the 
prothrombin gene (59%) and the tissue-type plasminogen activator 
gene (65%). Best matches to mouse sequences included an 68% match 
to the glandular kallikrein gene, a 58% match to the it-1 mammary 
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FIGURE 3.19 
Computer generated alignments of known minisatellite repeat probes,the Jeffries 
minisatellite core, the Jarman minisatellite core, the lambda chi site and an M13 
repeat to the DXYS14 repeat consensus. 
33.15 
	
A G A G G T G G G C A G G T G G 
33.6 	TCGGAGGAGGGTCGGAGCAGGGCTCCCGAGGAAGG 
Jeffries core 	 G G A G G T G G G C A G G X G 
M13 
	
G A G G G T G G X G G X T C T 
29C1 
	
A G G G G A CC A C C G G C G CT C T C C G C T G G T C C C C 






G C T G G T G G 
G C T G G T G G 
A C N G G N 	A C N G G N 
Jarman core 	 GNGGGGNACAC 
proto-oncogene, and an 68% match to internal transcribed spacers 1 
and 2 of the mouse rRNA genes. 
None of these similarities have been detected by hybridisation 
to the DXYSI4 repeat clones. This is not surprising, since they 
only represent short imperfect matches. Even at low stringency a 
minimum perfect match of llbp would be required for detection of 
sequences with this GC content, while single base mismatches within 
this sequence would greatly increase the length of matches required 
(Thomas and Dancis, 1973; Anderson and Young, 1985). However, 
there is no reason to assume that these are the best matches 
available within the human or mouse genomes. Sequences currently 
available only represent a tiny fraction of the total genome and 
tend to be biased towards regions of known functions such as genes 
and their surrounding DNA. It was therefore worthwhile to search by 
experiment for sequences detected by 29C1 other than those already 
characterised in the human genome, as described in the next section. 
3.5. SEARCHING FOR 29C1 HOMOLOGY OUTSIDE THE PSEUDOAUTOSOMAL 
REGION IN THE HUMAN GENOME 
All known homology to probe 29C1 in the human genome has been 
found to be at the short arm tip of the human sex chromosome pair. 
However, experiments done so far could not rule out the possibility 
of similar sequences existing elsewhere in the genome, not detected 
because of wash stringency. Since all sequences detected so far lay 
within 23kb of the XY telomere, similar sequences might also lie at 
other telomeres, providing a means for identifying sequences from 
the telomeres of other chromosomes. 
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Two experiments were carried out to check for other sequences 
detected by hybridisation to DXYS14 repeats. First the 3.2kb HaeIII 
0 
fragment from ThyB 4.2 was purified on a gel then used as a probe on 
a blot of HaeIII digested DNA from some members of a family of 
interest. This block is known to contain about 100 copies of the 
DXYS14 repeat. The filter was washed at low stringency (2 SSC, 
0.1%, SDS at 55 0C) then exposed to X-ray film overnight with 
intensification. The result is shown in Fig. 3.20 (this blot was of 
interest in other experiments, and a second autoradiograph of it is 
shown in Fig. 3.28, washed at higher stringency and exposed for 
longer). 
The intense bands detected are consistent with those observed 
in other genomic DNAs which derive only from the XY short arm tip. 
Some other bands are detected, but these appear faint. This pattern 
is of nothing like the complexity of a DNA fingerprint. However, it 
does bear some resemblance, with a few large bands and a smear below 
2kb. High bands do not seem to vary, but then these individuals are 
members of a family. 	Occasionally bands other than those obviously 
derived from locus DXYSI4 have been visable on other gels. In Fig. 
3.24 for example, weak polymorphic bands appear in the background, 
while the strong bands are probably from DXYSI4. It would seem 
therefore that while related sequences do exist elsewhere in the 
human genome, the similarity is weak. It appears then that the 
DXYS14 repeat family exists only as one or two repeat blocks per 
haploid genome, at the XY short arm telomere. 
One way of detecting slightly more distantly related sequences 
is to construct a consensus oligomer of the known repeats. A 
related repeat, while not close to any individual unit from within 
the ThyB repeat block, may be close in sequence to a consensus of 
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Tracks 1) 	CEPH Parent 10401 HaeIII 
CEPH Parent 10402 HaeIII 
CEPH Offspring 10403 HaeIII 
CEPH Offspring 10405 HaeIII 
CEPH Offspring 10406 HaeIII 
CEPH Offspring 10409 HaeIII 
CEPH Offspring 10411 HaeIII 
Gel blotted then probed at low stringency with the 3.1kb HaeIII 
fragment containing the ThyB4.2kb repeat block. 
repeats from the block. An oligomer was made by Dr. Bob Hill on an 
A? biosystems oligonucleotide synthesiser. A biotrace filter was 
prepared with Taqi digested DNA as described in the legend for Fig. 
3.21. This was probed with kinase end labelled oligomer, washed at 
low stringency (2 SSC, 0.1 SLJS at 55°C) then exposed to 
autoradiographic film for 10 days with intensification (Fig. 3.21). 
The same filter was then strip washed and exposed again to X-ray 
film to confirm all counts had been removed. It was probed a second 
time with oligolabelled 29C1 0.7kb HatlI fragment. After washing at 
higher stringency the filter was again exposed to X-ray film 
overnight with intesificatjon (Fig. 3.22). Finally it was strip 
washed, checked, then probed a third time with oligolabelled ThyB 
3.1kb HaeIII fragment. After high stringency wash it was exposed 
overnight to X-ray film with intensification (Fig.3.23). 
Comparison of the three patterns shows that these probes detect 
the same sequences. Patterns of strongly hybridising bands are 
similar to those previously seen which proved to derive entirely 
from the XY short arm telomere. Some weaker bands are visible, 
especially in Fig. 3.22 where non-polymorphic bands are visible at 
5kb, 1.4kb and 580bp in the genomic DNAs. The consensus therefore 
does not detect any sequences other than those already detected 
using whole repeat blocks as probes. Neither do repeats in the ThyB 
4.2 repeat block detect any sequences other than those detected by 
29C1 repeat block. 
These blots showed extremely high background. This has 
subsequently proved interesting, since the experiment described in 
Section 3.9 suggests 29Cl homology in the DNA of fish. Given that 
this was a positively charged membrane which had been prehybridised 
with a high concentration of salmon sperm DNA, this background is 
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FIGURE 3.21 
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Tracks 1) 	ThyB Taql 
 3E7 Taqi 
 853 Taqi 	(Y only Chinese hamster hybrid cell lines) 
 CEPH Parent PES Taql 
 CEPH Parent 141301 Taql 
 CEPH Parent 141302 Taql 
 CEPH Parent 10201 TaqI 
 CEPH Parent 10202 Taql 
 CEPH Parent 88401 TaqI 
 CEPH Parent 88402 Taql 
 CEPH Parent 10401 Taql 
 CEPH Parent 10402 Taql 
Filter probed with a consensus oligomer based on repeat at 
DXYSI4. 
FIGURE 3.22 
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Tracks as described for Figure 3.2 
Same filter, with TaqI digested CEPH DNAs and hybrids. Strip 
washed and probed with 29C1 repeat block (HaeIII fragment). 
FIGURE 3.23. 
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Tracks as for Figure 3.21. 
Same filter, with Taqi digested CEPH DNAs and hybrids. Strip 
washed and probed with ThyB4.2 repeat block (HaeIII fragment). 
probably due to probe binding over the whole filter, to bound 
competitor DNA. 
3.6. HOMOLOGY TO THE DXYSI4 MINISATELLITE IN INDIVIDUALS AND 
ITS INHERITANCE 
The probe 29Cl was' 1z&t tdD  AWORAt 111j#ft 	lymorphic sequences 
present in several c001 	I11 1 1iWibthe (Cooke et al, 
1985). These sequends AWLF tW 	f1 t6t3*thirL 23kb of the XY 
chromosome telomere, 44V&Rd tIW 	 itE,' in all individuals 
studied. In previous s&t4á1{ 61 tM'1 	 the hypervariability 
of these sequences has tWi{' AbW t6' 8W AW 16 variation in the 
number of blocks of tfi1i iit 	á the nuniber of repeat 
units. Two of the thz& 1461 AWffi9f6&kis3 restriction fragments 
studied derived from WLiN 	]1 ]Héi. On an X chromosome from one 
of these hybrids only one 29i 16&6]!ogous repeat block was found. 
However, sequence rearrangements in hybrid cells are well known. On 
the Y chromosome from another hybrid, and from both X and Y in a 
human lymphoblastoid cell line, two 29C1 homologous repeat blocks 
have been observed. It was therefore necessary to establish the 
number of 29C1 homologous repeat blocks each sex chromosome carries 
in the human population. If other telomeres in individuals could be 
shown to have only one block, this would suggest that the ThyB 
telomeric block was an unrearranged sequence. Also from patterns 
observed, chromosomes with three or no blocks could not be ruled 
out. By studying band patterns in a range of individuals and the 
way in which they were inherited it was hoped that some of these 
questions might be answered. 
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i) Pattern of 29C1 homology in a range of individuals 
The 29C1 homologous restriction fragments analysed were found 
to be extremely GC rich, yet their sequence did not include a HaeIII 
site (GGCC). However, in GC rich regions around the blocks, with 
declining homology to the repeat, aHaeIII site was always found 
within 80-240 basepairs of the block. Thus when genomic DNAs were 
cut with restriction enzyme HaeIII, it was likely that 2Cl homo-
logous bands would be small, and hence well resolved. Variation in 
repeat block sizes would be most effectively displayed thus, since 
fragments would contain only the repeat block, and little flanking 
DNA. Also fragment size would be roughly proportional to the 
variation in repeat block size, provided the sequence of the repeats 
did not deviate substantially from that of 29C1. 
DNAs studied in this way were obtained from the Human Poly-
morphism Study Centre (C.E.P.H., 3 Rue d' Ulm, 75005, Paris). This 
laboratory collects DNA derived from large human pedigrees and makes 
them available to the whole scientific community for study. 
DNA of parents of 23 CEPH pedigrees was analysed. DNA was 
restricted with enzyme HaeIII then blotted. Filters were probed 
with the 29C1 700bp HaeIII fragment, containing the repeat block. 
Autoradiographs are shown in Figs. 3.24 and 3.25. Assuming no 
parents are related, these DNAs can be taken to represent 46 
unrelated individuals. Individuals have between one and four bands. 
Generally larger bands do give a more intense signal, suggesting 
more copies of the repeat. Patterns are unique in each individual, 
with no 'obvious shared feature. Some bands do recur in more than 
one individual. However this data is not sufficient to determine 
whether these are the same band or different bands of similar sizes. 
It is probable that some bands represent doublets. Also some 
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FIGURE 3.24. 
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Filter probed with 29C1 subfragment containing the repeat block 
FIGURE 3.25. 


































Filter probed with 29C1 subfragment containing the repeat block. 
repeat blocks may contain a HaeIII site, giving rise to two 29C1 
homologous fragments, though this has not been observed in 
restriction fragments studied. Thus an individual with only one 
29C1 homologous band may in fact have one repeat block on each 
chromosome, the blocks being of similar size. 	However, since none 
of the individuals tested have no 29C1 homologous fragments and none 
have more thánf our, thlà would suggest that each human sex 
chromosome has either one or two blocks of 2C1 homologous repeats. 
ii) Study of a novel variant in family 104 
The"hihleel of polymorphism in 29C1 homologous minisatellite 
blocks would temit;suggest a relatively high rate of meoises in 
r 	/i1h r 
which novt i 	 *t re ran'gmants are generad $ueh an event was 
T C
­  
Ili 	 r c 
observed in family 104 of the CPH DtIAs, in the lab of Dr. Jean 
Weisséibacli 	Pasteur' Institute in Paris. In order to further 
investigate the nature of this variant, DNAs of parents and 
offspring from this family were Hindill digested then blotted. The 
filter was probed with the 29Cl homologous lOObp HaeIII fragment 
from 29C1. The autoradiograph is shown in Fig. 3.26. 
From following inheritance from parents to offspring it is 
possible to define which bands in parents come from each telomere. 
This is shown in Fig. 3.27. Consider only individuals 3, 5, 6 and 
11. Father's telomere A, with a 29C1 homologous Hindlil band of 
...23kb is inherited in individuals 3 and 5. Father's telomere B, 
with 29C1 homologous Hindill bands of about 16 and 6kb is inherited 
in individuals 6 and 11. Mother's telomere C similarly can be seen 
in offspring 3 and 11, while mother's telomere D is in 5 and 6. The 
novel variant individual, offspring No. 9, has father's telomere A 
and mother's telomere C. From this blot it is not possible to 
observe any band in offspring 9 not seen in either mother or father. 
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10412 ( 	 ) 
Filter probed with 29C1 subfragment containing the repeat block. 
FIGURE 3.27. 
Inheritance of 29C1 homologous Hind III bands in family 104. 
10401 	10402 	10403 10405 	10406 	10409 	10411 
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Since individuals 3, 5, 6 and 11 were known to represent all 
four possible allele combinations they were selected for further 
analysis, together with the novel variant, and parents. These DNAs 
were HaeIII digested, electrophoresed, then blotted. The filter was 
probed with the 700bp 29C1 HaeIII fragment containing the repeat 
block. The result is shown in Fig,. 3.28. Again inheritance can be 
traced through the offspring to identify bands derived from each 
chromosome in the parents. Further, bands in the HaeIII digest can 
now be identified as having come from chromosomes identified in the 
Hindill pattern. This is shown in Fig. 3.29. 
Experiments done by Howard Cooke suggested that the novel 
variant arose in a telomere from the father. This experiment 
confirms this observation. Both the Hindu! and the HaeIII blots 
indicate that individual 9 has inherited telomere C unchanged from 
the mother. The Hindlil blot indicated that individual 9 had 
inherited telomere A from the father. If nothing altered, this 
individual would be expected to have a pattern like that of 
individual 3. The pattern observed is consistent with the hypo-
thesis that the 2kb repeat block derived from father's telomere A 
has lost about 0.5kb in length, while the other block on this 
telomere is unchanged. Such a change in size is unlikely to be 
observed in a Hindlil digest, where a fragment of 23+ kb has changed 
size only relatively slightly. 
This is the most likely explanation from the data obtained, 
though more conclusive data is needed. Generation of variation in 
minisatellite repeat blocks by gain or loss of several repeat units 
has often been postulated as an explanation for the degree of poly-
morphism observed in these sequences (Jeffries et al, 1985a; Wong 
et al, 1987a; Wong et al, 1987b). This could occur during 
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Filter probed with 29C1 subfragment containing the repeat block. 
FIGURE 3.29. 
Inheritance of 29C1 orno1ogous 14a !! hands in family 104. 
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replication, by slippage within the repeat block. Alternatively the 
processes of unequal exchange or gene conversion during 
recombination could lead to such changes. In order to establish 
whether the novel variant in family 104 arose during a recombination 
event, sequence data from either side of the block, in father and 
offspring, would be required. 
Given the aberrant pattern of inheritance of 29Cl homology in 
family 104, the possibility of incorrect assignment of parentage 
also had to be considered. To confirm parentage of individual 9, 
the blot shown in Fig. 3.28 was strip washed then reprobed with the 
minisatellite probe 33.15, known to give an inherited and individual 
specific fingerprint (Jeffries et al, 1985a). The result is shown 
in Figure 3.30. All bands observed in individual 9 can be assigned 
to one of the parents. This would strongly suggest that individual 
9 is indeed the offspring of these parents. 
iii) Confirmation of 'one block' telomeres in family 02 
In Section 3.6 1), CEPH parent DNAa were HaeIII digested, 
blotted, then probed with 29C1 to see what patterns of 29C1 homology 
were found in unrelated individuals. DNA from individual 0202 (the 
mother of family 02) appeared to have only one 29C1 homologous band. 
If this was so, then one telomere had no 29C1 homology. If this 
band proved to be a doublet, this might suggest a single block on 
each telomere. This would confirm that the 'single block' ThyB 
telomere was not the result of sequence rearrangement in the hybrid 
cell but that sex chromosomes with only one block of 29C1 homology 
do exist in the human population. Also individual 0201, father of 
family 02, had an apparent smear of 29C1 homology in small DNA at 
the bottom of the gel. Such a smear might result from a 29C1 
homologous repeat block lying beyond the last HaeIII site within 
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Tracks as for Figure 3.28. 
Filter reprobed with minisatellite 33.15. 
only a few hundred bp of the telomere. 
A better resolved HaeIII blot with the whole family was 
therefore required to further investigate these possibilities. DNAs 
from family 02 were digested with HaeIII, blotted then probed with 
the 700bp HaeIII fragment containing the 29C1 repeat block. The 
result is shown in Fig. 3.31. Clearly the 'smear' is in fact 3 
bands close in size. Two of these lie on one telomere, inherited 
from the father in individuals 4 and 9. A third lies on the 
father's other sex chromosome, and is inherited in individuals 3, 5, 
6, 7 and 8, along with another higher band. The apparent single 
band in the mother is inherited in every offspring. This strongly 
suggests that each of the mother's X chromosomes carries a 29C1 
homologous band of almost identical size, and that each offspring 
inherits one or other of these bande. Thus both of the mother's X 
chromosomes are 'single block' chromosomes, proving that such 
chromosomes do exist in the human population. 
iv) Inheritance of 29Cl homology in family 1345 
In Section 3.6 i), the mother of family 1345 appeared to have 
only one band of 29C1 homology in a RaeIII digest. In order to 
determine how many blocks of 29C1 homology lay on each of the 
mother's telomeres, DNA from parents and offspring of this family 
were restricted with enzyme HaeIII. 	These DNAs were electro- 
phoresed, blotted, then probed with labelled 29C1 insert DNA. This 
preliminary result indicated two things: first, that DXYSI4 
inheritance in this family was unusual and would require further 
investigation; and secondly, that DNA from individual 134508 was 
clearly not of this family. 
In these circumstances it was important to confirm relationship 
of parents to offspring before further experiments. Another blot 
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FIGURE 3.31. 
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HaeIII digested DNAs from family 02 
0201 - father 
0202 - mother 
0203 - offspring 
0204 - offspring 
0205 - offspring 
0206 - offspring 
0207 - offspring 
0208 - offspring 
0209 - offspring 
Filter probed w ith a 29C1 subfragment containing the repeat block. 
with the same DNAs was therefore prepared. This was probed with 
minisatellite probe 33.15 (Jeffries et al, 1985a). The result is 
shown in Fig. 3.32. All offspring do appear to have inherited 
elements from the patterns of each of the putative parents, except 
for individual 08. The fingerprint from this DNA confirms that it 
is not related to parents or offspring of this family. Indeed, on 
the ethidium bromide stained gel of a HaeIII digest, this DNA lacked 
the male specific 3.7kb satellite band. CEPH records indicate that 
individual 134508 is male. 
Individual 134507 is also unusual, since the top band in its 
fingerprint appears slightly larger than th' closest parental band 
(from the mother). however, since all other alements of the pattern 
do derive from the putative parents this woulu be consistent with a 
rearrangement in a single minisat.11Lte block 
CEPH were informed that DNA supposedly from individual 134508 
was in fact not of family 1345. Three further samples of DNA 
thought to be from that individual were obtained. These were 
derived from batches prepared separately in 1985, 1986 and 1987. 
DNAs from the family, including the three separate 134508 
preparations, were restricted with enzyme HaeIII, electrophoresed, 
then blotted. The filter was probed with labelled 29Cl insert. The 
result is shown in Fig. 3.33. 
Once again the inheritance of 29C1 homology from parents to 
offspring appears unusual. This is discussed below. However, it is 
immediately obvious that the 1986 batch of DNA from 134508 is 
related to other offspring, since its pattern is identical to that 
of 134505 and 134507. In contrast, the '85 and 1 87 batches of DNA, 
supposedly from this individual, are in fact from an individual not 
closely related to this family. CEPH were informed of this result. 
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Filter probed with labelled minisatellite probe 33.15. 
FIGURE 3.33. 
Markers 1234567891011 







	 40 W 
OW 4P. 	.to 
144 - 
OW 














134508 (1985 batch) (putative offspring) 
134508 (1986 batch) (putative offspring) 
134508 (1987 batch) (putative offspring) 
134509 (offspring) 
Filter probed with 29C1 insert oligolabelled. 
In order to better understand the unusual inheritance of 29C1 
homology in true members of this family, blots were prepared with 
these DNAs digested with restriction enzymes EcoRI and Pstl. These 
were probed with labelled 29C1 insert. Autoradiographs are shown in 
Figs. 3.34 and 3.35. For easier interpretation, a graphic 
representation of patterns of 29Cl homology for all three enzymes 
used is shown in Fig. 3.36. 
Unfortunately, with every enzyme used to analyse inheritance of 
29Cl homology in this family, one band from the mother is always 
close in size to a band from the father. The pedigree is therefore 
never completely informative. With all three enzymes four bands can 
be seen in the father while two can be seen in the mother. As 
expected, there is no linkage between a given pattern and sex. 
Offspring have three possible patterns. 134503 has two bands which 
are definitely from the father, one definitely from the mother, and 
on which could be from either parent. 134504, 06 and 09 have one 
band definitely derived from the father and one band which is in 
neither parent. 134505, 07 and 08 have three bands from the father, 
one band which could be from either parent, and one which is not in 
either parent. This band is the same size as the extra band in 
individuals 05, 07 and 08. 
There are four unusual features of this result: 
Two telomeres should give rise to two possible patterns 
of inheritance from father to offspring, yet three can be 
identified. Pattern 1 is that of individual 03, pattern 2 
is that of 04, 06 and 09, and pattern 3 is that of 05, 07 
and 08. 
Individuals 04, 06 and 09 appear to have inherited no 29C1 
homology from their mother. 
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FIGURE 3.34. 
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PstI digested DNA from family 1345 
 134501 (father) 
 134502 (mother) 
 134503 (offspring) 
 134504 (offspring) 
 134505 (offspring) 
 134506 (offspring) 
 134507 (offspring) 
 134508 (offspring) 
 134509 (offspring) 
Filter probed with oligolabelled 29C1 insert DNA. 
FIGURE 5. 36. 
Graphic representation of DXYS14 homology in Hae Ill, 
Pstl & EcoRl digests of DNAs from family 1345. 
C99CCC9 cc 
-* 	144 kb 
...• 	 Haelll 
	





• 	... 	 ... 	 Ps t 1 2.3 kb 
2.0 kb 
. 6.6 kb 
... ....... 	 :f....
.. 	 ___ 	EcoRl 
4.4 kb 
2.3 kb 
Individuals 05, 07 and 08 have five bands, at least three 
of which have come from the father. This raises the 
possibility that one of the telomeres from the father may 
have 3 or more blocks of 29C1 homology. 
There is a band in 6 out of 7 offspring that does not occur 
in either parent. 
On the Pstl blot a similar result is observed. Once again 
three patterns can be identified. Individual 03 inherits one band 
from the father, one from the mother and a probable doublet which 
could be from either. Individuals 04, 06 and 07 inherit two bands 
from the father (on this evidence alone the top band could have come 
from the mother, but given the HaeIII result this can be ruled out) 
and one band which appears in neither parent. Individuals 05, 07 
and 08 inherit two bands from the father, one which could derive 
from either parent, and one which appears in neither parent and is 
the same size as that seen in 04, 06 and 09. 
An equally complicated pattern exists on the EcoRI blot. 
This time there is no 'extra' band in individuals 04-9, though it 
could form a doublet with either of two other bands which are in all 
these offspring. Again three patterns are visible, in the same 
groupings as before. Again only offspring 03 has definitely 
inherited a band from the mother, though again individuals 05, 07 
and 08 may also have inherited one band from the mother. 
Faced with such data it is difficult to offer a plausable 
explanation. The band observed in offspring 04-09, which does not 
occur in either parent, might constitute reason to doubt parentage 
In this pedigree. However, use of fingerprinting probe 33.15 (Fig. 
3.32) would suggest that relationships are correct. It seems 
unlikely that a rearrangement of the sort observed in family 104 
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could happen six times within one family. Alternatively, this band 
might be the result of mosaicism in the mother such that germline 
and soma have different patterns of 29C1 homology. Thus mother's 
telomere one would carry those bands inherited from her in 
individual 03, while mother's telomere two, different in the 
germline from the soma, might carry the unexplained extra band. 
There is also a possibility that this band is a plasmid 
contaminant. If this were so, any vector contaminating the labelled 
probe would detect it. The size of the band in Pstl and I-IaeIII 
digests is consistent with this hypothesis. Linear vector in a Pstl 
digest would be about 2.7kb (for pUC based plasmids), while the 
largest HaeIII fragment in pBR322 is 587bp. However, molar ratios 
of this band between tracks are remarkably consistent with 
concentration of the genomic DNAs. This could be explained if the 
contaminant was in the buffer used to resuspend the DNA. Also band 
strength in each track is not inconsistent with other 29Cl 
homologous bands in the same track. 
Even if this extra band is ignored, inheritance in this 
family is still unusual. The father has definitely passed on three 
different patterns of homology, as described. If the ambiguous band 
(that which could have come from either parent) in individuals 05, 
07 and 08, seen in all three digests, had come from the mother, then 
she too would have passed on three different patterns. It seems 
more likely therefore that this band is in fact from the father. In 
this case, four bands have derived from one of the father's telo-
meres. This may mean that this telomere has four blocks, or that it 
has blocks with HaeIII, Pstl and EcoRI sites within the block. 
Alternatively 29C1 homology at a locus elsewhere in the genome in 
this family could be postulated to explain such a pattern. Either 
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option would be unusual in comparison with previous data on DXYS14 
repeat blocks. Also if we presume that all bands in offspring 04-09 
derive from the father only, this must imply that one of the 
mother's telomeres, the one inherited in six out of seven offspring, 
had no 29C1 homology. This is also a result not obtained with any 
chromosome previously studied. 
Since there is only one copy of the pattern in offspring 
03, the possibility of a major rearrangement of one of the father's 
telomeres in this individual might account for the third pattern 
derived from the father. This would, however, still require a 6:1 
ratio of inheritance from the mother, a four band telomere in the 
father, and a no band telomere in the mother. Clearly there is 
insufficient data as yet to offer a plausable hypothesis for 29C1 
inheritance in this family. 
In summary then, this pedigree raises the possibility of 
telomeres with more than two DXYSI4 repeat blocks, repeat blocks 
with sites for HaeIII, EcoRI and Pstl, an individual with a 
rearranged version of the father's telomere, and several offspring 
with a band not observed in either parent. The only definitive 
conclusion however is that three offspring have inherited no 29C1 
homology from their mother, suggesting a telomere with no DXYSI4 
repeat block. 
If time were available, the understanding of DXYSI4 
inheritance in this family might be better resolved with another 
enzyme. Parent DNAs could be digested with a range of enzymes to 
see if any enzyme would entirely separate bands in the mother from 
those in the father. Also a check could be made for plasmid 
contamination in individuals 04-09, by blotting without a marker 
track then probing with labelled pUC9 DNA. 
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v) An experiment to count the number of repeat blocks in 
individuals 0202 and 134502 
In Section 3.6. iii), individual 0202 appeared to have a 
29C1 homologous doublet on a HaeIII blot. In Section 3.6 iv), 
individual 134502 was shown to have only one 29C1 homologous HaeIII 
band. In order to confirm that 0202 and 134502 indeed had two 29C1 
homologous repeat blocks, one on each sex chromosome, these DNAs 
were digested with a range of enzymes. The pseudoautosomal region 
is known to be highly polymorphic. Therefore if the single HaeIII 
bands containing DXYSI4 repeat blocks in 0202 and 134502 were indeed 
doublets, then the two blocks might resolve into different sized 
fragments with different restriction enzymes. 
To this end DNA from individuals 134502 and 0202 were 
digested with restriction enzymes EcoRI, Pstl, Hindlil, HaeIII and 
TaqI. DNA was blotted then probed with the ThyB 3.1kb HaeIII 
fragment containing 29C1 homology. The result is shown in Fig. 
3.37. In 134502, enzymes EcoRI, Pstl and Hindlil resolve the 29C1 
homology into 2 bands, while the Taql and HaeIII patterns give a 
single band, presumably a doublet. This confirms that there are two 
blocks of 29C1 homology in individual 134502, though it does not 
determine whether they lie on the same or different chromosomes. 
In individual 0202, enzymes Taqi and EcoRI resolve the 
HaeIII doublet into two bands, confirming that the 0202 genome 
contains two blocks of 29C1 homology. In a Hindlil digest, the 
pattern is that of a telomeric smear of the sort previously 
described, indicating that on both sex chromosomes, 29C1 homology 
lies beyond the last Hindill site, within about 20kb of the 
telornere. Judging from intensities, the principle band in a Pstl 
digest appears to be a doublet. The weak lower band suggests a Pstl 
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FIGURE 3.37. 






















Filter probed with a subfragment of ThyB4.2 containing the repeat 
block. 
site close to or at the edge of one of the blocks, which cuts away 
single copy sequence adjacent to the block, perhaps with a few 
repeats. This fragment might then be expected to light up weakly 
with homologous sequences adjacent to the ThyB block which was used 
as a probe. 
Since the DNAs were available, it was also possible to test 
whether, for each repeat block found in these individuals, there was 
also a copy of the sequence found proximal to the repeat block in 
the 3E7 cell line from which 29C1 was derived (see Fig. 3.5). Using 
the same DNAs as for the above experiment, a second filter was 
prepared. This was probed with 29C4, the sequence immediately 
proximal to the 29C1 repeat block in 3E7. This result is shown in 
Fig. 3.38. The patterns detected in EcoRI and Hindill digests of 
both individuals are clearly the same as those detected by 29C1. 
This indicates that each EcoRI and Hindill fragment containing a 
repeat block also has a copy of a 29C4 homologous sequence. Similar 
patterns also appear to be detected in Taql digests, though slight 
differences may be the result of differences between the gels or may 
indicate a change in pattern. In Pstl digests, one band appears the 
same in each case, while one band changes. In HaeIII digests, the 
29C4 homology is separated from the 29C1 homology in all telomeres, 
and is in fact cut to fragments so small that they appear to have 
run off the end of the gel. This is consistent with the observation 
that HaeIII sites are usually found close to the edge of the repeat 
block. 














Tracks as described for Figure 3.37. 
Filter probed with 29C4 insert. 
3.7. DISTRIBUTION OF 29C4 HOMOLOGY ON CHARACTERISED CHROMOSOMES 
In section 3.6 it was concluded that, in CEPH individuals 0202 
and 134502, for each DXYS14 repeat block, there was also a copy of 
29C4, the single copy sequence found proximal to 29C1 on the 3E7 Y 
chromosome. Recently Sally Cross showed that clone A35, containing 
the distal repeat block from the PES Y chrosome, also had a 29C4 
homologous sequence to the proximal side of the repeat block. It 
would seem then that 29C4 is associated with every repeat block 
tested for it so far. Further, since the 29C1 repeat block is the 
proximal block from a '2 block' chromosome, wh!le A35 contains a 
distal block Jrom another 1 2 block' chromosoir', this would suggest 
that 29C4 homclogous sequence could be adjacxt to each repeat block 
in a '2 block' telomere. 
To test this possibility, 3E1, ThyB and ES DNAs were each 
restricted separately with EcokI and Hindill. Previous data showed 
that in every case so far studied, these enzyr-es did not cut between 
29C1 and 29C4 homology. Thus if 29C4 was duplicated each time 29C1 
homology was, they should reside in the same iragment. Digests were 
checked, then the DNAs were blotted and probed with 29C1. The 
result is shown in F.g. 3.39. The filter was stripped and exposed 
overnight to check that all signal had been removed. It was then 
reprobed with 29C4. The result is shown in Fig. 3.40. Signal with 
29C4 was relatively weak. In order to be certain that this signal 
was not the result of leftover signal from the 29Cl probe, a fresh 
filter was prepared with the same DNAs. This was again probed with 
29C4. This blot revealed the same bands as those seen on the 
reprobed filter (data not shown). 
The pattern observed with 29C4 is identical to that seen with 
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Filter probed with whole 29C4 insert DNA oligolabelled. 
29C1, except that the upper and lower bands are of equal intensity. 
higher intensity bands with 29Cl are consistent with a larger 
repeated block. Equal intensity bands with 29C4 suggest a single 
copy of the homologous sequence with each restriction fragment. 
This result shows that in three 2 block telomeres (both X and Y in 
PES and the Y in 3E7), each DXYSI4 repeat block is associated with a 
copy of 29C4 homologous sequence. Thus both the repeat block and 
single copy sequence around it are duplicated on 2 block telomeres. 
It seems therefore that 2 block telomeres such as those in 3E7 and 
PES represent a subtelomeric duplication of the repeat block and 
sequence around it. Further experiments would be required to define 
exact boundaries of the duplication, and to find whether the same 
area is duplicated on different chromosomes. 
3.8. 	ISLAND' LIKE PROPERTIES OF DXYSI4 SEQUENCES 
It has been known for some time that the doublet CpG occurs in 
vertebrate DNA at only about one-fifth the frequency expected. 
Between 60% and 90% of cytosine monomers occurring in this doublet 
are methylated. It is thought that CpG rarity is due to 
of 5-methyl-cytosine to thymine. However, short 
stretches of unmethylated CG rich DNA are often found associated 
with the 5' end of genes. These unmethylated 'islands' have 10 
times the CpG frequency of the rest of the genome, probably due to 
lack of CpG suppression and GC richness. They are therefore often 
characterised by clusters of sites for relatively rare cutting 
restriction enzymes with CpG in their recognition sequences (Bird, 
1986). As previously stated, cosmid Cy29 was first selected for 
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investigation as a possible 'island' since it contained two SstII 
sites (see section 1.2). Sequences from this cosmid subsequently 
proved to be adjacent to the pseudoautosomal telomere, and have been 
used to analyse the nature of the DNA terminus. However its island 
like properties were not investigated further at that time. 
The SstII sites in Cy29 which first suggested island-like 
features within the cosmid lie in 29C4, immediately proximal to 
29C1. Distribution of Hhal and HpaII sites suggests that the 
putative island covers 29C4 and a proximal portion of 29C1, ending a 
little beyond the repeat block characterised (Fig. 3.5). Sequences 
from three 29C1 homologous repeat blocks, including 29C1 itself, 
have been described in sections 3.1 and 3.3. Distribution of CpGs 
in these sequences, in comparison with GpC, were compared using the 
programme 'map plot'. This plots each doublet as a bar on a line 
representing the whole sequence. Results are shown in Figs. 3.41-
3.43. The doublet GpC is not subject to selection in the way that 
CpG is. Thus a comparison of the two amounts to a comparison of 
actual CpG doublets with CpG distribution that would be expected if 
Cs and Gs were distributed at random. 
When examined in this way, 29C1 shows no CpG suppression to the 
proximal end, where in fact there are more CpGs than GpCs. To the 
distal end, however, CpG doublets become much more sparse, in an 
area that starts at about 750bp as marked on the figure, immediately 
beyond the last HpaII and Hhal sites in the putative island. This 
result is entirely consistent with an island starting in 29C4, 
proximal to the sequenced region, and ending beyond the 29C1 repeat 
block in sequenced DNA. Such an island would be approximately 2kb 
in length. 
Sequence from the proximal side of the ThyB4.2 repeat block 
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FIGURES 3.41 - 3.43 
The following are linear map plots comparing distribution of 
CpG doublets in a sequence with that of GpC doublets. The plot is 
always drawn with centromere to the left and telomere to the right. 
Figure 3.41. The 29C1 repeat block sequences (see Fig. 3.5) 
Figure 3.42. Sequences from the centromeric (upper Fig.) and 
telomeric (lower Fig.) ends of the ThyB repeat 
block (see Fig. 3.11). 
Figure 3.43. Sequences from the centromeric (upper Fig.) and 
telomeric (lower Fig.) ends of the A35 repeat 
block (see Fig. 3.18). 
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also has a higher density of CpGs than GpCs. Sequence to the 
telomerjc side of the block again shows this high frequency of CpGs, 
which then drops off suddenly approximately 50bp beyond the end of 
the repeat block. The PES sequence data shows CpGs higher than GpCs 
to the centromeric side, while to the telomeric side the density 
tails off. Here though the result does not appear so dramatic, with 
no clear point at which high density of CpGs ends. 
These results would present a clearer picture if larger areas 
of sequence around and within the repeat block were available. 
However, CpG dinucleotides are clearly at much higher than average 
frequency in the DXYSI4 repeat block and to the centromeric side of 
it on three different chromosomes. This suggests that sequences at 
locus DXYS14 include a high CpG island of size which may vary from 2 
to 4 kb in length depending on the size of the repeat block it 
contains. 
The enzyme HpaII has a CpG doublet in its recognition sequence, 
and will not cut if the cytosine is methylated. Restriction enzyme 
Mspl recognises the same sequence but is methylation insensitive. 
As a brief test for methylation, 3E7 DNA was digested to completion 
with EcoRI, then separately digested with each of these enzymes. 
DNAs were blotted, then probed with 29C4 insert (data not shown). 
In an EcoRI digest, as predicted from the map shown in Fig. 3.4, 
29C4 detected a 5kb fragment containing the sequenced repeat block. 
When cut with EcoRI and Mspl, no bands were visible. Since sites 
for Mspl do occur in 29C4, this suggests that homologous fragments 
are too small to remain on the gel. A similar observation was made 
with HpaII, suggesting that it too had cut within 29C4. Thus these 
recognition sites do not appear to be methylated in genomic DNA. 
This experiment could have been improved had more time been 
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available. If the same blot was reprobed with the 29C1 repeat block 
only, this should have detected a band in an Mspl digest. If the 
same band was visible in a HpaII digest, this would be evidence for 
lack of methylation, while if a different pattern was obtained, this 
would suggest methylation. The same blot could then be probed with 
a known non-island (therefore methylated) sequence with Mspl sites 
in it, as a control. Here a different pattern should be obtained in 
Mspl and HpaII genomic digests. This work may be continued by other 
investigators. However, as a preliminary result, this observation 
is also consistent with the hypothesis that 29C4 and 29C1 contain a 
non-methylated island. 
Such islands have usually been found associated with genes. 
However, it seemed unlikely that there could be a gene at the tip of 
the pseudoautosomal region, in a heterochromatic region known to 
contain many repeated sequences and with a high level of sequence 
heterogeneity. Evidence presented in this thesis suggests that this 
region of DNA may be present in variable copy number in each haploid 
genome, again inconsistent with presence of a gene. In order to 
test for presence in humans of transcripts from that sequence, 29C4 
insert DNA was used as a probe on two human RNA Northern blots 
prepared by Dr. Susan Lindsay using Hela cell RNA. The result is 
shown in Fig. 3.44. 
The size of the band seen is consistent with the size of 29S 
RNA. Since signal is strong in poly A minus RNA, and weak in poly A 
plus RNA, this suggests that sequences detected by 29C4 are not 
being polyadenylated, and are therefore not being prepared for 
transcription. Since 28S RNA is highly CG rich, these observations 
would be consistent with strong cross-hybridisation of the 'island-
like' 29C4 sequence with 29S RNA. This technique is not a 






Two human Hela cell RNA blots, each with poly A minus and poly A 
plus RNA, probed with 29C4 insert oligolabelled. 
particularly sensitive search for transcripts of 29C4, since the 
blots had been used before. Cross-hybridisation further reduces 
sensitivity. Therefore, though no transcripts have been detected by 
this experiment, presence of a low copy number RNA cannot be ruled 
out. 
3.9. THE IDENTIFICATION OF 29Cl HOMOLOGY IN OTHER SPECIES 
There have been several recent reports of hybridisation of 
minisatellite sequences to give DNA fingerprints in animals other 
than man (Vassart et al, 1987; Hill, 1987; Wetton et al, 1987; 
Jeffries and Morton, 1987). In order to determine whether the 
DXYS14 minisatellite also hybridised to sequences in other species, 
the 3.1kb HaeIII fragment from ThyB 4.2 was hybridised to EcoRI 
digested DNAs from a range of species. The resultant autoradiograph 
is shown in Fig. 3.45. 
Homology to bands in genomic DNA of the human lymphoblastoid 
cell line PES is discussed in Section 3.3. Clearly similar 
sequences are detected in other species. In chimpanzee two bands 
can be seen in the 6 to 7kb range, with intensity comparable to that 
seen in PES. In gorilla there is one band of similar size and 
intensity to one of those in chimpanzee, together a with much weaker 
band at about 10kb. Interestingly, there are no hybridising bands 
in orangutan. In pig there are two relatively weak bands in the 2-
3kb range. In rat and mouse no bands are visible, though work done 
by Sally Cross indicates that hybridising bands can be observed with 
a 29C1 probe in some mouse cell lines. A smear of 20+kb hybridises 
in chicken DNA, no bands are visible in Xenopus DNA, and a weak 
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FIGURE 3.45. 
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Probed with the ThyB 3.1kb HaeIII fragment known to contain 
....100 	repeat units. 
smear can be seen in the whole length of the track in trout DNA. In 
all of these tracks a faint smear is visible running the length of 
the track, while both yeast DNAs (S.pombe and S.cerevisia) neither 
bands nor smear are visible. The smear may simply be non-specific 
binding in proportion to the total amount of DNA present, since only 
1/20 of the amount of DNAs were loaded to take account of their 
smaller genomes. 
It is interesting then that similar sequences to the DXYSI4 
minisatellite exist in genomes of other primates, other mammals and 
even chicken and trout. However, equally, some mammals and at least 
one primate have little or no sequence in common with the 29C1 
probe. Most intense hybridisation signals were obtained for clear 
bands in three primates, and for a 20+kb smear in chicken. It would 
be interesting to see if these sequences are telomeric. The smear 
in chicken is particularly suggestive of a block of similar sequence 
beyond the last EcoRI site within about 20kb of a chromosome end. 
However, further work would be required to confirm this, as it was 
confirmed for 29C1 on the human XY telomere. 
This data is discussed further in Chapter 4. 
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DISCUSSION 
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The principal purpose of the work described was to explain 
variation in patterns of 29C1 homology in DNA digests of different 
individuals. In so doing it was hoped that this study would reveal 
something of the structure of DNA sequences adjacent to the pseudo-
autosomal telomere. 	The data presented demonstrate that variation 
in the number of restriction fragments homologous to 29C1 is the 
result of variation in the number of blocks of a minisatellite 
repeat close to the XY telomere. Variation in fragment size is due 
both to variation in the number of repeats each block contains, and 
th sequence hererogeneity around the blocks. 
A survey has been made of sequences at locus DXYS14 on three 
chromosomes, namely the 3E7 Y chromosome, the ThyB X chromosome, and 
the PES Y chromosome. In addition, data from family studies gives 
information on 29C1 homologous sequences on a further 7 chromosomes 
segregating in these pedigrees. In all cases studied, sequences 
strongly homologous to 29C1 have been shown to lie within 
approximately 23kb of the XY telomere (Cooke et al. 1985). It 
seems reasonable therefore to assume that this is always the case. 
Given this assumption, data from the 10 sex chromosomes can be 
explained on the basis of three 'alleles' of the XY sub-telomeric 
region, typified by the examples in Fig. 4.1. These 'alleles' are 
approximate models, since restriction fragment and repeat block size 
may vary by around ± 1kb. Structure in the region of interest is 
most easily described in terms of repeat blocks and sites for 
restriction enzyme HindIll. 
The ThyB X chromosome typifies one form of telomere. In this 
version, only one block of 29C1 homology exists somewhere in a 
Hindill fragment of 15-17kb. In ThyB, this fragment terminates 
within approximately 8kb of the telomere. Other chromosomes 
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Fig. 4.1 The three classes of DNA structure found at studied 
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consistent with this model include the X chromosome from 0202, and 
chromosome D (an X) from pedigree 104. These all have a single 29C1 
homologous fragment in a range of digests and in a Hindlil digest, 
the repeat block lies in a 15-17kb fragment. Exact size of the 
repeat block, its position in the 17kb HindIll fragment, and its 
distance from the telomere have not been ascertained in these 
chromosomes. Therefore while they are consistent with the ThyB 
model chromosome, these telomeres may differ from the ThyB X 
telomere in some way not detected by these analyses. 
Another 'allele' of the subtelomeric region is illustrated by 
the PES Y chromosome. The PES X chromosome, the 3E7 Y chromosome 
and chromosomes B and C of pedigree 104 (Fig. 3.27) are also 
consistent with this model. Two 29C1 homologous Hindill fragments 
lie adjacent to each other, a 15-17kb one to the proximal and a 5-
7kb one to the distal side. Again it is possible these latter 
telomeres contain differences from the PES Y chromosome not 
illustrated by this analysis, such as a second Hindlil site between 
the two repeat blocks. 
The third version is represented only by chromosome A in 
individual 10401. A single Hindlil fragment of around 23kb contains 
two blocks of 29C1 homology as suggested by number of 29C1 homo-
logous HaeIII fragments. Positions of the blocks are not known. 
However it seems reasonable to suggest that they lie in similar 
positions to those in other 'two block' telomeres, but without a 
Hindlil site between them. 
In summary, three versions of 29C1 homology have been observed 
on telomeres in Hindlil digests. These are a 15-17kb band 
containing one block (type 1), two fragments of around 6 and 15kb 
each containing one block (type 2), or a 23kb band containing two 
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blocks (type 3). Patterns of 29C1 homology observed in HindIll 
digests of all individuals studied so far can be obtained by 
superimposing any two of these three allelic forms. The alleles are 
inherited in a stable Mendelian fashion. This hypothesis is also 
consistent with patterns of 29C1 homology in Hindlil digests of 23 
unrelated individuals, described by Cooke et al (1985). It is 
difficult to estimate 'allele' frequencies, since only a few 
chromosomes have been thoroughly analysed. However, variant 3 does 
appear to be relatively rare. 
This hypothesis proposes that every sex chromosome has either 
one or two blocks of 29C1 homology. All chromosomes for which a 
clear result has been obtained in this work have conformed to this 
rule. However, family 1345 shows a pattern of 29C1 inheritance 
inconsistent with the current understanding of locus DXYS14 
structure (see section 3.6). Clearly further work is required to 
establish exactly what has happened in this family. One hypothesis 
raises the possibility of a telomere with no 29C1 homologous repeat 
block, and one with three. Further, in a family analysis presented 
by Cooke et al (1985), one telomere segregating in the pedigree was 
found to contain three 29C1 homologous EcoRI fragments. These 
patterns could prove to be due to restriction enzyme sites within a 
single repeat block giving rise to two 29C1 homologous fragments. 
However, on the basis of data so far available on 29C1 homology, a 
'three block' telomere cannot be ruled out. If such a telomere 
exists, it would appear to be rare. One other possible variant on 
the 'alleles' shown in Fig. 4.1 is suggested by the 29C1 
hybridisation pattern in individual 0202. When digested with Hind 
III, the 15kb 29C1 homologous fragments appear smeared, an 
observation which is sometimes taken to suggest that there may be no 
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Hindill site between the block and the telomere on one or both of 
these chromosomes (see section 1.2). This result would require 
further confirmation however, so these telomeres have been 
provisionally classed as type 1 telomeres. 
Evidence has been presented in section 3.7 to show that 29C1 
homologous repeat blocks are always associated with a region of 
homology to 29C4. 29C4 is the single copy DNA sequence found to the 
proximal side of the 29C1 repeat block on the 3E7 Y chromosome. 
Presence of one copy of a 29C4 homologous sequence with every 29C1 
homologous repeat block has been proved in the two X chromosomes of 
0202, the two X chromosomes of 134502, the X in ThyB, the X and Y in 
PES, and the Y in 3E7. Chromosomes in PES and 3E7 have 'two block' 
telomeres in which each repeat block is associated with 29C4 
homologous sequence. For the distal repeat block in PES, as with 
the proximal block in 3E7, the 29C4 homology has been shown to be to 
the proximal side of the block (Sally Cross, personal 
communication). This suggests that 'two block' telomeres, alleles 2 
and 3 on Fig. 4.1, result not simply from two blocks of the same 
repeat, but from a duplication which includes the repeat block and 
single copy sequence to the proximal side. Further experiments 
would be required to define the exact limits of the duplication, 
though it would appear to be several kb long. 
It would be difficult to place sites for other restriction 
enzymes on the 'allele' models in Fig. 4.1. Other enzymes used, 
including Taqi, Pstl, EcoRI and HaeIII, appear to vary in position 
relative to the repeat blocks studied, suggesting considerable 
heterogeneity in sequence outside the repeat blocks in the 
subtelomeric region, as well as within them. However, by studying 
larger DNA fragments such as are defined by Hindlil the pattern 
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of 29C1 homology does appear to take a regular and predictable form. 
In summary, most of the data presented could be explained by the 
hypothesis that each individual has 29Cl homology derived from any 
two of the three alleles in Fig. 4.1. Superimposed on these 
patterns will be local sequence variations and variations in block 
size. Nevertheless, each telomere will have one or two copies of a 
29C4/29C1 homologous region with 'two block' telomeres being the 
result of a duplication of a region containing both repeat block and 
single copy DNA adjacent to it. 
It is easy to envisage events which increase or decrease block 
number on a telomere by recombination between misaligned blocks. 
The initial duplication event may have been the result of some 
process associated with the telomeres. This would be consistent 
with the observed similarity of size and position for repeats 
adjacent to yeast telomeres (see below). If this were the case, 
band patterns observed over several generations might change not 
only in block size but in block number also. Such a hypothesis 
would suggest that a 'three block' telomere is entirely possible. 
Also if blocks regularly (in evolutionary terms) recombine with each 
other they could often exchange repeat units, so that repeats from 
different blocks should not differ appreciably. As an alternative 
hypothesis this duplication may have arisen only once. The two 
allelic forms, the one block (type 1) allele, and the two block 
(types 2 and 3) allele would then segregate as would any other 
polymorphism, either subject to selection or under random genetic 
drift. In this instance, repeat units within each block might 
diverge in sequence from those in another block, in section 3.4 it 
was noted that the sequence consensus of repeats from the PES Y 
chromosome distal block differed slightly from those in the ThyB X 
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chromosome and the 3E7 Y chromosome proximal block. Position of the 
single block suggests that it is equivalent to the proximal block on 
two block telomeres, while the distal block on two block telomeres 
seems to be the duplicated second copy. A difference in consensus 
between the distal block on two block telomeres and all other blocks 
would therefore favour the 'one event' hypothesis over the 'constant 
rearrangement' hypothesis, although it is doubtful whether such a 
small difference could be considered significant. 
The work described could be continued in several ways. Firstly 
the analysis of family 1345 clearly needs to be extended by studying 
patterns with different enzymes to those used. Ultimately it may 
also be necessary to clone fragments from this pedigree, and/or to 
isolate hybrids containing individual sex chromosomes in order to 
define DXYS14 structure in the telomeres involved. It would be 
interesting to analyse inheritance of 29Cl homology in family 2 from 
Cooke et al (1985) with enzymes other than EcoRI. This may lead to 
confirmation of a 'three block' telomere. In addition, to further 
investigate the duplication apparent on some telomeres the 17kb 
Hindlil fragment containing the proximal repeat block on the PES Y 
chromosome could be cloned. If both 29Cl homologous Hindill 
fragments from this telomere were available, sequence around the 
blocks could be compared. It might then be possible to define 
exactly how much of the region is duplicated. This project was 
started by the author but abandoned due to lack of time. 
Data presented on the structure of the human XY sub-telomeric 
region can be compared with known telomere proximal sequences 
studied in other organisms. Sequences mapped cytologically to the 
telomeres of several organisms have been found to be highly poly-
morphic and repeated (see section 1.1), consistent with the results 
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described for locus DXYS14. However, relatively little information 
is available in the literature about sequences mapped within a few 
kb of a telomere by molecular analysis. In yeast a variable number 
of copies of a 6.7kb repeat lie proximal to the immediate simple 
telomeric repeats (Chan & Tye, 1983; Walmersley et al, 1984). The 
'one block' and 'two block' alleles at locus DXYS14 in humans could 
be said to be analogous to the subtelomeric yeast repeats. However 
there have been no reports of hypervariable minisatellite loci 
physically mapped within a few kb of the telomere in any organism. 
Minisatellites are thought not to be preferentially associated with 
telomeres in mice or humans (Jeffries et al, 1986; Jeffries et al, 
1987). 	It may be that there are other minisatellite loci close to 
other telomeres in humans, and that these have not yet been 
characterised. Alternatively it might be significant that this 
particular kind of repeated sequence lies close to this particular 
telomere in humans. Minisatellite loci are thought to be 
recombination hotspots (Jeffries et al, 1985a; Steinmetz et al, 
1986) and may therefore be important in facilitating an obligate 
crossover which is required for XY pairing in this small area of the 
genome (Rouyer et al, 1986b). This is discussed below. 
Inheritance of the structural 'alleles' described would explain 
variation in 29C1 homologous fragment numbers in unrelated 
individuals. Fragments also vary in size, and in intensity of 
hybridisation to the 29C1 probe. Together these different levels of 
variation render the hybridisation pattern highly individual 
specific, with elements of the pattern inherited in a Mendelian 
fashion. 29C1 is therefore useful as a probe for paternity. It 
would give less degree of certainty than the Jeffries minisatellite 
core probes, since the pattern is much simpler. However, used in a 
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forensic laboratory it would give the high strength of signal 
obtained with single locus probes, while giving a pattern of greater 
complexity. 
As previously stated, data presented in this thesis has shown 
that variation in size of 29Cl homologous fragments is in part due 
to expansion and contraction of minisatellite repeat blocks. 
Sequence analysis of three such fragments has identified blocks of a 
minisatellite repeat common to all three. These blocks are present 
in one or two copies, since they are part of the region duplicated 
in 'two block' telomeres. Each block contains a variable number of 
repeats of approximately 31bp in length, in a tandem head to tail 
array. Of those sequenced, the shortest block was 13 repeats long, 
and the longest around 100 repeats, though longer or shorter blocks 
probably exist in the population. Repeats are imperfect, generally 
differing by one or two bp from the consensus. Comparison of 
repeats from the same and from different blocks suggests relatively 
little difference between repeats. Therefore differences in 
hybridisation intensity of different 29Cl homologous fragments are 
probably due not to difference in homology, but simply to different 
numbers of repeats in each fragment. 
The inheritance of 29Cl homology was studied in several 
pedigrees. This work contributed to the structural hypothesis 
described above. In addition, a suspected novel variant event in 
29C1 homologous sequence, previously identified by another group, 
was analysed by following inheritance through the pedigree. In as 
much as can be ascertained by the techniques used, the novel variant 
appears to be the result of a decrease in size of a repeat block 
from the father during meiosis. As described in section 1.3, mini-
satellite loci are thought to be hotspots for recombination, with 
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variation in repeat number arising by slippage on replication or by 
unequal crossover. Further, the pseudoautosomal region has been 
shown to have a recombination rate ten times higher in male than in 
female meioses. Therefore the observation that a novel fragment 
resulted from a change in minisatellite repeat block size in the 
pseudoautosomal region during male meiosis is consistent with the 
current understanding in these areas of research. However, if 
minisatellites actually cause the high recombination rate in male 
meiosis, then there seems to be no reason why they should not 
function similarly in XX pairing at female meiosis. Therefore while 
hypervariable loci may have a part in this raised recombination 
rate, they cannot themselves directly facilitate it. By determining 
sequence on either side of the new repeat block and comparing it 
with sequence around the block from which it was derived in the 
father, it could be determined whether this change in block size was 
associated with a recombination event. This work is currently being 
carried out by Dr. Howard Cooke. While such data would not disprove 
the generation of variation during replication, it would further 
support the hypothesis already favoured by observations described in 
section 1.3, that the hypervariability at these loci results from 
events associated with recombination at meiosis. 
In sections 3.4 and 3.5 a consensus sequence of the repeat 
generated from sequences of 42 repeat units was used to search for 
29C1 homologous sequences. In section3.5 a nucleotide oligomer with 
the consensus sequence was used as a probe on Taqi digests of 
unrelated individuals with low stringency washing. When compared 
with patterns obtained using restriction fragments containing the 
whole repeat blocks, it was found that the oligomer detected no 
sequences other than those already analysed. When repeat block 
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restriction fragments were used as probes, after either low or high 
stringency washes, a weak 'fingerprint' type pattern could sometimes 
be seen (eg. Figs 3.20 & 3.25). This consisted of some polymorphic 
higher bands and a smear below 3kb. However, this signal was 
extremely weak in comparison with the signal known to derive from 
locus DXYS14. In section 3.4. the consensus 29C1 repeat was 
compared with other published minisatellite sequences. It was found 
to show some similarity with the GC rich repeats of the Jeffries 
minisatellite probes (Jeffries et al, 1985a), and showed quite 
strong similarity to the Jarman 'core' minisatellite (Jarman et al, 
1986) and to an M13 repeat sequence found to detect a fingerprint in 
human DNAs (Vassart et al, 1987). However, hybridisation patterns 
suggest that rainisatellite loci other than DXYS14 do not have 
sufficient homology to the 29Cl repeat consensus to be appreciably 
detected by it, even with low stringency washing. In conclusion, it 
would seem that though 29Cl repeats show some relation to other GC 
rich minisatellites, they are nevertheless a distinct subfamily of 
minisatellites which occur only at a single locus. It is possible 
that the DXYSI4 repeat locus is detected weakly at low stringency by 
the alpha-globin 3' HVR and by the M13 protein III gene repeated 
sequence. It might therefore be one of the many loci which make up 
their 'fingerprint' type patterns of hybridisation. Jeffries et al 
(1985a and 1987) suggested a dispersed autosomal distribution for 
the many loci detected by the 33.15 and 33.6 polycore probes, since 
no band appeared to be sex linked. However, if 29Cl homology did 
feature in a fingerprint, it would of course appear autosomal. 
Clearly GC rich minisatellites are not excluded from the sex 
chromosomes, though they may yet prove to be excluded from those 
parts of the X & Y which do not exchange DNA at meiosis. 
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Given that telomeres of different chromosomes in various 
organisms have similar structure, translocation of telomeres between 
non-homologous chromosomes might prove to be a regular event in 
evolutionary terms. This may be the case in yeast, since subtelo-
meric sequences have been found to be shared by non-homologous 
chromosomes (Chan & Tye, 1983; Walmersley et al, 1984). Human 
subtelomeric sequences are therefore interesting not only because 
they define the end of the genetic map, as in the case of 29C1 
(Rouyer et al, 1986b) but also because they allow the testing of 
this hypothesis in humans. 29Cl does not appear to be shared by the 
subtelomeric regions of chromosomes other than the X and Y. 
However, the sex chromosomes are quite distinct from other 
chromosomes in meiosis, contained within a sex vesicle, and may 
therefore prove to be exceptional in this respect. 
Ultimately it was hoped that data on the human pseudoautosomal 
sub-telomeric region might shed some light on telomeric function. 
It is possible to make some interesting observations on the basis of 
the data presented. As previously stated, the presence of a 
hypervariable minisatellite in the pseudoautosomal region is 
consistent with the observed high recombination in this region in 
male meioses, since minisatellites are thought to be recombination 
hotspots. The occurrence of a novel restriction fragment arising in 
male meiosis by change in size of a repeat block further supports 
this finding. It is interesting to note that sequence within the 
repeat block is such that there are clear G rich and C rich strands 
similar in composition to those known to occur at the immediate 
telomere in many species (see Section 1.1). Further, the G strand 
in the repeat block is the strand which will terminate with a 3' end 
at the adjacent telomere, as is the case with other known eukaryotic 
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telomeres (reviewed in Blackburn, 1984). There is no obvious 
sequence homology when 29Cl repeats are compared with known 
telomeric sequences,though both show runs of G residues. Neither is 
there any reason to suppose that blocks of GC rich repeats 10-20kb 
from the telomere are themselves directly involved in telomere 
function. However, if a chromosome was damaged in such a way as to 
loose its immediate telomeric functions, these repeat blocks might 
serve as reserve telomeres to 'rescue' the chromosome. 	There does 
not appear at the moment to be any simple assay for chromosome 
function in mammals. However, it might be interesting to see if a G 
rich sequence such as 29C1, with no homology to the TTGGGG repeats 
of Tetrahymena, could prime a 'telomerase' type addition reaction in 
Tetrahymena extracts (Greider & Blackburn, 1987). 
Sequence and mapping data has also suggested the presence of an 
unmethylated DNA 'island' consisting of the 29C4/29C1 sequence. As 
stated in section 3.8, CpG doublets and restriction sites containing 
CpGs appear to be clustered in this area in a manner characteristic 
of 'island' sequences. Islands have often been found associated 
with the 5' end of genes (Bird, 1986). A gene at this site appears 
unlikely though, since the locus is present in variable copy number 
and is surrounded by repeated sequences, in a heterochromatjc region 
itself known to contain many repeats and to be highly variable in 
sequence. The sequence is not represented at an appreciable level 
in Hela cell RNA. The region may yet prove to contain a gene, but 
on the basis of data presented this appears unlikely. However the 
current hypothesis for the function of DNA islands, as stated by 
Bird (1986), is that they mark regions of the genome available for 
interaction with nuclear components in the cell. If these sequences 
proved to be unmethylated, and so fulfilled all the criteria of a 
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DNA island, then this could be a site available for interaction with 
proteins specific to the pseudoautosornal telomere, perhaps involved 
in functions of this telomere or in interactions with the nuclear 
membrane or the 'homologue' (the X or Y). This would demonstrate 
another role for islands than that associated with genes. 
Data presented in this thesis clearly indicates that sequences 
homologous to 29C1 exist in a range of other vertebrate species. 
This is not a surprising result since both the Jeffries polycore 
probe (Jeffries et al, 1985a) and alpha globin 3' HVR probe of have 
been found to detect sequences in other animals (Jarman et al, 
1986). 	29C1 homology in Chimpanzee and Gorilla DNAs was very 
strong with hybridisation comparable in intensity to that in human 
DNA. In Chimp there were two bands of similar intensity, while in 
Gorilla there was one strong band with a weaker band above it. It 
would be interesting to determine whether these patterns vary in 
different chimp and gorilla individuals and whether they derive from 
a similar location as in the human genome. If 29C1 homologous loci 
in Chimp and Gorilla did prove to be pseudoautosomal and sub-
telomeric this would strongly support the hypothesis that they and 
29C1 are related by descent from a common ancestral sequence. The 
degree of homology among these sequences suggests that this is a 
distinct possibility. Homologous bands of varying degrees of 
intensity were also observed in some mouse strains (Sally Cross, 
personal communication) and in Pig, chicken and trout (section 3.9 
of this thesis). These homologies might also be the result of 
common ancestry, although if this were the case it would imply that 
Orangutan, Rat and Xenopus had lost the sequence. Alternatively a 
similar sequence may have evolved separately in each species under 
similar selection pressure or by random genetic drift. If 29Cl 
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homologous sequence in chicken proved to be telomeric, as is implied 
by the smear type hybridisation pattern observed this might suggest 
homology by descent rather than by convergant evolution. On the 
other hand, strong homology in Gorilla, Chimp and human, with no 
homology in Orangutan could be taken to suggest that 29C1 homologous 
sequences arose in the line after Orangutan branched off. 
Orangutans are thought to be less closely related to humans than are 
Chimps and Gorillas (Ferris et al, 1981). The homologies in 
Gorilla, Chimpanzee and human would then represent sequence related 
by descent from a common ancestral sequence,while other 
hybridisation would be the result of sequence similarity due to 
convergent evolution, or just chance detection of other GC rich 
sequences. 
In conclusion, it is difficult to assess the significance of 
the observed homologies. 	Cross hybridisation of the GC rich 
sequences is well known. Given that the repeat unit is so very G 
rich, it actually constitutes only a relatively simple sequence, and 
therefore may well have similarity to unrelated sequences. 
Alternatively some form of selective constraint might be implied. 
In order to test this hypothesis, it must be established where these 
homologies lie in their respective genomes. Even if they prove to 
occupy similar locations, this might imply not homology by common 
descent, but a tendancy for such sequences to accumulate at 
telomeres, as a result of telomere function or structure. 
If selection is postulated, it may be simply due to 'selfish' 
characteristics of this particular DNA sequence, causing it to be 
maintained over an appreciable evolutionary timescale, yet without 
conferring any advantage to the organism. Alternatively, selection 
might be the result of some function of the sequence specific to 
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that locus, associated with its island like features. 	As a third, 
option, selection may be due to the general property suggested for 
minisatellite sequences, that they function as recombination signals 
(Jeffries et al, 1985a). In so doing they could maintain and 
increase numbers by unequal crossover in meiotic recombination. One 
minisatellite locus has been shown to be a recombination hotspot, 
favouring this hypothesis (Steinmetz et al, 1986). In addition some 
minisatelljte repeats contain regions of sequence similar in 
composition to the lambda 'Chi' recombination signal (see Fig. 
3.19). However, the lambda 'Chi' sequence is subject to strict 
selection, with small changes resulting in loss of function (Smith & 
Stahl, 1985). If minisatellite sequences are indeed recombination 
signals, it would seem that a wide range of sequences can carry out 
this function in higher organisms. This would imply that 
recombination signals in these species are not subject to the same 
degree of selection as is 'Chi'. It would still be possible to 
conceive of one or several sequence 'cores' conserved for this 
function. However, if strong 29C1 homology in Chimpanzee and 
Gorilla proved to be the result of relatively strong sequence 
conservation, this might imply that the whole repeat, and not merely 
a core, has been subject to selection. Such a result might provide 
evidence for some form of local 'gene conversion' type process 
tending to keep repeats within a block similar in sequence. It 
would therefore be interesting to further analyse the mode of 
inheritance of 29C1 homologous sequences in these species, to 
identify their location in their respective genomes, and to 
determine the degree of sequence conservation. 
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